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Flip-flow screens are increasingly used in the processing of fine wet coal. In this work, the vibration characteristics of an industrial-
scale flip-flow screen with crank-link structure (FFSCLS) were investigated theoretically and experimentally. An improved
kinematic model of FFSCLS was proposed and experiments are carried out to verify the reasonability. The effects of the key
parameters of the eccentricity of the crankshaft, the rotational speed of the crankshaft, and the tension length of the screen surface
on the vibration characteristics of the screen were investigated parametrically. The results show that the kinematic model can
describe the vibration characteristics of screen perfectly with the maximum error between the theoretical and experimental results
being within 6.96%. Moreover, the key parameters of the eccentricity of the crankshaft, the rotational speed of the crankshaft, and
the tension length of the screen surface have significant effects on the vibrations of the screen body and screen surface. These
parameters should be optimized to achieve maximum screening performance of the FFSCLS. This work should be useful for

optimal design and efficient operation of the flip-flow screen.

1. Introduction

Screening plays a key role in the classification, medium
draining, product dehydration, and desliming of coal [1-3].
In recent years, the dry deep screening of moist and fine
minerals, which can simplify the cleaning process, has be-
come increasingly essential for coal classification [4-6]. Due
to insufficient vibration strength, traditional vibration
screens may encounter low screening efficiency when pro-
cessing moist materials [7-9] and blocking of screen ap-
ertures by near-mesh particles [10-12]. However, the flip-
flow screens employed in the coal preparation industry have
great advantages over traditional vibrating screens in the
enhancement of screen surface vibration strength and few
blockages of the apertures [13-16].

Generally, the vibration mass will increase significantly
with the increase of the screen surface area and the screening
capacity [17]. Consequently, the flip-flow screens bear an
alternating loading with heavy amplitude and high fre-
quency. Moreover, the flip-flow screens suffer from an

exciting force generated by the vibration of the two screen
boxes and an impact from the particulate materials, both of
which could lead to spring fracture [18], and polyurethane
surface rupture [19, 20]. Thus, a fundamental research of the
effects about geometrical and operational conditions on the
flip-flow screen vibration characteristics should be per-
formed, which could be useful for optimum design and
control of the flip-flow screen.

To date, there are increasing researches on the flip-flow
screen in the literature. In order to fully understand the
working mechanism of the flip-flow screen and optimize the
relationship between screening efficiency, production ca-
pacity, and energy consumption, parameters of geometric,
technological, and kinematics have been considered [21].
The basic working principle of the screen, the midpoint
motion law of the flip-flow screen surface, and the screen
surface-particle trajectory were investigated by considering
the screen surface as a simply supported beam [22]. Recently,
the vertical deformation and acceleration of a flip-flow
screen surface were investigated experimentally [23]. Wu
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et al. [24] presented a method of two-way coupling rela-
tionship between particles and screen surfaces and results
indicate that the equivalent method of approximate flexi-
bility was effective. To investigate the application of poly-
urethane screen deck in linear vibrating screen, Zhang and
Wang [25] built the kinematic model of polyurethane screen
deck in sieving and obtained the optimization curve between
the height and width of the grizzly bar.

The vibration and geometric characteristics of the screen
surface play an important role in the stratification, migra-
tion, and penetration of particles, both of which will affect
the screening performance and production capacity. Fur-
thermore, besides the effects of the screen surface, the vi-
bration of the screen body was also investigated extensively.
Baragetti and Villa [26] presented an innovative design
strategy validated using full-scale experimental tests for the
optimization of the kinematic performances and the
structural loads of heavy loaded vibrating screens. To obtain
the inherent characteristic and operating condition pa-
rameters of a large vibrating screen, Zhang et al. [27] pre-
dicted the physical characteristics from its scale-down model
and provided an effective method for structural optimization
and substructure coupling analysis.

The flip-flow screen with crank-link structure (FFSCLS)
is an essential technology for separation of fine moist coal
which can significantly improve the economic benefits of the
coal preparation plant [28]. Nevertheless, based on the above
review, only a few have focused on the fundamental theories
of FFSCLS. Parameters such as crankshaft eccentricity,
crankshaft rotational speed, and tension length of the screen
surface all play important roles on the vibration and
screening performance of this flip-flow screen, which need
to be studied further. In this work, a kinematic model of an
industrial-scale flip-flow screen with crank-link structure
will be developed. The vibration characteristic of the flip-
flow screen will be studied and the reasonability will be
verified by experiment. Besides, the effects of the crankshaft
eccentricity and the crankshaft rotational speed and the
tension length of the screen surface on the vibration
characteristics of the flip-flow screen will be investigated
parametrically. The results obtained in this work should be
beneficial for the understanding of the combined effects of
parameters and could provide essential references for op-
timal design and eflicient operation of the flip-flow screen.

2. Model Constructions

The investigated FFSCLS used in Lijiahao coal preparation
plant of China is shown schematically in Figure 1. The fixed
box is supported by rubber springs and steel springs on the
base. The floating box is connected to the fixed box by one
end of the guide spring whose other end is mounted on the
fixed box. The whole screen surface is composed of 28
panels. Two ends of each screen panel are fixed on the fixed
box beam and the adjacent floating box beam. The driving
system including the drive motor and crankshaft is in-
stalled on the fixed box headend with high-strength bolts.
The link connects the floating box and crankshaft. More-
over, the vibration of the FFSCLS is shown in Figure 2.
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When the crankshaft is rotated by the driving motor,
staggered motion occurs between the fixed and the floating
boxes, which causes the screen surface to slacken and
stretch periodically [29]. The moving screen surface
allowing particles to be separated into undersize through
the apertures and oversize discharged from the end of the
deck, respectively.

2.1. Kinematic Model of the FFSCLS Screen Body. The vi-
bration parameters such as exciting force, displacement,
velocity, acceleration, and natural frequency can be obtained
from the kinematic model of the FFSCLS. As natural
characteristics of the screen, these vibration parameters
provide important reference for evaluating the design ra-
tionality and operational reliability of the FFSCLS. The ki-
nematic model of the FFSCLS screen body was established,
as shown in Figure 3. During the screening process of
FFSCLS, the crankshaft is driven by the motor to make
uniform circular motion while the floating box and fixed box
make a similar linear reciprocating motion. To investigate
the vibration of the flip-flow screen, an absolute coordinate
frame OXY was established. The X-direction is along the
screen surface. Based on the working principle, the guide
spring, link, and crankshaft are simplified and treated
equivalently, where e is the eccentricity of the crankshaft, L,
is the length of the link, L, is the length of the guide spring,
and ¢, is the pendulum angle of the guide spring.

When the crankshaft rotates, the displacement of the
floating box is

AX =ecos 0 + \/Lg — esin’0 — L, N

AY =L, (1-cosg,),

where 0 is the crankshaft rotational angle; AX and AY are the
displacements of the floating box relative to the fixed box
along the X- and Y-directions, respectively. AX and AY can
also be written as

{ AX = X, - X, o)

AY =Y, -Y,,

where (X;, Y;) and (X, Y,) are the displacements of the
floating box and fixed box relative to the absolute coordinate
frame OXY, respectively.

The rotation angle of the crankshaft 6 can be obtained
through

0 = wt, (3)

where w is the rotational speed of the crankshaft. It is noticed
that e is much smaller than L, and L,, thus the displacement
of the floating box can be simplified as

{ AX = ecos wt,

AY =0. )

By taking the first and second derivatives of equation (4)
to time t, the floating box velocity and acceleration relative to
the fixed box can be obtained as follows:
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FiGgure 1: The structure of the industrial-scale FFSCLS.
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FiGure 2: The vibration of the FFSCLS.
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FiGure 3: Kinematic model of the FFSCLS screen body.




AX = —ewsin wt,

AY =0,

L (5)
AX = —ew”cos wt,
AY =0,

where AX (AX) and AY (AY) are the velocities (accelera-
tions) of the floating box along the X- and Y-directions
relative to the fixed box, respectively.

When the crankshaft rotates, the exciting force F gen-
erated by the reciprocating motion of the floating box is
harmonic force. The value of exciting force F in X- and Y-
directions (Fx, Fy) can be obtained through

{ Fy =mAX = —mlewzcos wt,

. (6)
Fy =mAY =0,

where m, is the mass of the floating box.
Then, the kinematic equation of the screen body can be
written as

(7)

(my +my) X, + ¢y X, + ko X, = myew’ cos wt,
(my +my)Y, + Y, +kyyY, =0,

where m, is the mass of the fixed box; Xz (Xz) and Y2 (Yz)
are the velocities (accelerations) of the fixed box relative to
the absolute coordinate frame OXY along the X- and Y-
directions, respectively. k,x (c2x) and k,y (cpy) are the
equivalent springs stiffness (damping) coeflicients (rubber
springs and vibration isolation springs) along the X- and Y-
directions, respectively.

Due to the relatively small damping force, the damping
effect can be ignored in the present study. Therefore, the
displacement of the fixed box in X- and Y-directions (X, Y;)

can be obtained by the following forms:
X, = A,xcos wt,
{ 2 = Aox 8)
Y, =0,

where A, is the vibration amplitude of the fixed box. Thus,
velocity and acceleration can be calculated through

X, = -A,xw sin wt,

X, = -A, w’cos wt,

. 2 2X 9)
Y =0,

Y, =0.

Substituting equations (8) and (9) into equation (7), A,x
can be obtained:

2
mew

Ay = (10)

kyx = (my + mz)wz '

Thus, by ignoring the motion in the Y-direction, the
displacement, velocity, and acceleration of the fixed box
relative to the absolute coordinate frame OXY can be cal-
culated through
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2

mew
X, = 5 COS WE,
kyx = (my +my)w
3
. m,ew .
1 X, = 5 sin wt, (11)
kyx = (my +my)w
m,ew*
X, = ! 5 COS Wt.
kyx = (my +my)w

Substituting equations (4), (5), and (11) into equation
(2), the displacements (X;, Y;) of the floating box can be
obtained as follows:

2
mw

X, = ecos wt + ecos wt,

kyx = (my +my)w (12)

Y, =o.

Taking the first and second derivatives of equation (12),
the floating box velocity and acceleration with the coordi-
nate frame OXY can be obtained as follows:

. mlw2 .
X, =—-(1+ 5 Jew sin wt,
kox = (my +my)w

X 1+ e’ ) *cos wt

= — ew Cos wt,

17! Ky — (my +m,)w? (13)

Y, =0,
Y, =0,

where X 1 (X 1) and Yl (Yl) are the velocities (accelerations)
of the floating box along the X- and Y-directions, respec-
tively. Thus, the displacement, velocity, and acceleration of
the floating box relative to the absolute coordinate frame
OXY can be calculated through

2

kyy —myw
X, = 2X 2 5 ecos wt,
kax = (my +my)w
2
. kyy — m,w .
1 X, = 2X 2 sew sin wt, (14)
kyx = (my +my)w
2
. k -m,w 2
X, = 2X 2 5 ew”Ccos wt.
kyx = (my +my)w

The vibration amplitude of the floating box A,x can be
written as follows:

2
kyx —myw

X = (15)

kox = (my +my)’
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Based on equations (11) and (14), when the denominator
is 0, the natural angular frequency w,x and the natural
frequencies f,x of the vibration system in X-direction can be
calculated:

kyx
“nx (my +m,) '
(16)
_ 1 k2X
f"X_Zﬂ (m, +my)’

2.2. Kinematic Model of the Screen Surface. Based on the
working principle of FFSCLS shown in Figure 1, the vi-
bration motion of the screen surface mainly consists of two
parts of motions: the relative motion induced by the floating
and fixed box beam that paralleled the screen surface. The
other is caused by relaxation and tension of the elastic screen
surface, whose direction is perpendicular to the screen
surface. In this section, the deflection of the screen surface is
modelled based on the three-tangent arcs theory [28]. The
modelling detail is given as follows.

A coordinate frame O'XY is established. The origin O’ is
located at one end of the screen surface which mounted on
the fixed box beam and the X-direction is along the screen
surface, as shown in Figure 4. B is another end of the screen
surface mounted on the floating box beam. O'B, O'B’
represent the positions of the tensioned and slackened

screen surface, respectively. L is the maximum distance of
|O'B|, I is the distance between the adjacent fixed screen
beam and the floating screen beam |O'B'|. [ is the free length
of the screen surface, respectively. Al is the tension length of
the screen surface. A is the length of |BB'|. Therefore, the
equation of the screen surface can be given:

L=1"+A,
A =e(1 + cos wt), (17)
Al=L-1

Based on three-tangent arcs theory, the following geo-
metric relations can be obtained:

I =2a(R+r),
I'=2(R+r)sina, (18)
Y = —(R+71)(1-cosa),

where R is the radius of the great arc in the middle; r is the
radius of the small arc at both ends. O;, O,, and Oj are the
centres of the three arcs. « is the angle between 0,0,, 0,05
and the vertical direction. Y is the deflection of the screen
surface midpoint.

Substituting equation (18) into equation (17), the de-
flection of the surface midpoint Y can be obtained. By taking
the first and second derivatives of Y to time ¢, the screen
surface midpoint velocity and acceleration can be expressed
as follows [30]:

( 3
Y = —% \/Al2 —2AIL + 2eL(1 + cos wt) — &> (1 + cos wt)?,

- \3 ewsin wt (L — e (1 + cos wt))
1 4 \/A12 —2AIL + 2eL(1 + cos wt) — e* (1 + cos wt)?
= \3 ew’cos wt (e — L) + e*w’cos 2wt (ewsin wt (e + ecos wt — L))*
4

where Y, Y are the velocity and the acceleration of the screen
surface midpoint along the ordinate, respectively.

3. Experiment Set-Up

Vibration characteristics of FFSCLS can be calculated
based on the above kinematical model. To verify the ac-
curacy and feasibility, an experiment was performed. The
schematic diagram of the experimental platform is shown
in Figure 5 while the site layout shown in Figure 6. During
the experiment, an acceleration sensor was used to
measure the vibration characteristics of the screen body
and a laser displacement sensor was applied to measure
the vibration characteristics of the screen surface. The

372
\/A12 —2AIL + 2eL(1 + cos wt) — € (1 + cos wt)? (Al2 — 2AL +2eL(1 + cos wt) — € (1 + cos wt)z)

(19)

INV9832 ICP three-direction acceleration sensor was
attached separately to the floating box and fixed screen
box by the insulating medium magnet seat. Then, the
acceleration of the screen body in three directions was
measured, and the velocity and displacement can be
obtained by numerical integration. The laser displacement
sensor was fixed on a suspension bracket but keeping a
distance from the screen surface. The deflection of the
screen surface in Y-direction was tested and the velocity
and acceleration can be obtained by numerical differen-
tiation. The single acquisition system includes an
INV3060s high-precision signal acquisition analyzer and
a computer in which a real-time analysis software of
Coinv DASP-V10 was installed.
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Shock and Vibration

The drive motor rotational speed was 1480 rpm (660 V,
50Hz), and the transmission ratio i=2.51. Thus, the
crankshaft rotational speed was 590 rpm. During the ex-
periments, the crankshaft rotation speed range was around
500-615rpm. Thus, the corresponding rotational speed
range of the drive motor was 1243.2-1539.2rpm and the
frequency converter regulating range was 42-52 Hz.

4. Results and Discussion

4.1. Vibration Tests and Analyses. During the vibration ex-
periment, all the data were sampled when the screening
process was at a steady state. In the experimental system
shown in Figures 5 and 6, the acceleration sensor and laser
displacement sensor were connected to the signal acquisition
analyzer through couples. Then, the signal acquisition an-
alyzer was connected to the computer. The sampling fre-
quency was set to 1000Hz, which was far from the
maximum vibration frequency to ensure the received data
fully include the real-time signals.

The velocities of the floating and fixed boxes obtained by
kinematic model and experiment presented in Section 2.1
are shown in Figure 7. As shown in Figures 7(a) and 7(b),
both the velocities in the X-direction of the screen body
increase with the increase of w. Moreover, the experimental
results are generally higher than that of theoretical ones, but
consistency can be observed in general. Figure 7(a) shows
that when rotational speed of the crackshaft w increases from
51.8 to 64.2 rad’'s™, the experimental results about velocity of
the floating box increases from 432.0 to 541.4 mm's~". The
maximum relative error between the experimental results
and theoretical results is approximately 6.96%. Figure 7(b)
shows that the experimental results about velocity of the
fixed box increase from 212.3 to 260.1 mm's”'. The maxi-
mum relative error between the experimental results and
theoretical results is less than 4.71%. Figure 7(c) shows that
with the increase of w, the velocity in Y-direction also in-
creases. With the maximum w of 64.2rad's™’ (converter
frequency value is 52 Hz) the velocity of floating and fixed
screen box reaches 32.7mm’s™' and 19.5mm’s ', respec-
tively. It can be found from Figure 7(d) that the velocity in
the Z-direction of the floating and fixed screen boxes peaks
at only 151 mm's™" and 17.7 mm’s ™", respectively, with @ of
59.2rad’s”". Hence, compared to the velocity in the X-di-
rection, the velocities in both Y- and Z-directions can be
neglected.

Figure 8 shows the accelerations in the X-direction of the
screen body obtained by the experiments and the kinematic
model. It can be found that theoretical results increase
linearly with the increase of w and an overall agreement
between the experimental and theoretical results can be
observed. As shown in Figure 8(a), with w increase from 51.8
to 64.2rad’s”', the experimental results of the accelerations
in X-direction of the floating box increase from 22.5 to
34.6 m's> with some fluctuations. The accelerations of the
fixed box presented in Figure 8(b) show a similar trend. The
theoretical results increase linearly and the experimental
values increase with fluctuations from 10.8 to 17.3m's >
Furthermore, relative error less than 6.0% between the

experiments and calculations is observed. Hence, the rea-
sonability of the kinematic model of the screen body at a
steady state is proved.

During the operation of the FFSCLS, the rotational speed
of the crankshaft w also played an impartment role in the
vibration of the screen surface. Therefore, it is necessary to
investigate the effect of crackshaft rotational speed on the
kinematic characteristics of the screen surface. The velocity
Y and acceleration Y of the midpoint of the screen surface
were measured as a function of w, as shown in Figure 9. It is
clear from Figure 9(a) that the velocity Y of the midpoint of
screen surface increases with the increase of w. When w
increases from 51.8 to 64.2rad's™", the calculational values
increase linearly from 864.2 to 1070.0mm's™', while the
experimental results increase from 813.6 to 1120.0 mm's ',
but with some obvious fluctuations. Besides, the maximum
error between the experiment and calculation is within 6.2%.
Figure 9(b) shows that the acceleration Y of the midpoint of
the screen surface also increases with the increase of w.
When w increases from 51.8 to 64.2 rad's ™, the experimental
results increase from 78.6 to 121.3m's™> and the theoretical
values increase from 76.9 to 117.8m's 2, and the errors
between the experiment and theory are only less than 5.6%,
indicating that the accuracy of the kinematic model of the
screen surface proposed above is also well validated.

4.2. Vibration Characteristics of the Screen Body with Different
Crackshaft Eccentricities. The parameters and the theoretical
values of the FFSCLS used in this section are listed in Table 1.
The masses of the floating box and the fixed box are 4515 kg
and 9873 kg, respectively. The rotational speed of the
crankshaft is 59.2 rad's ™", which is equivalent to 566 rmin”".
Through the kinematic model of the FFSCLS (equations (11)
and (14)), it is clear that the vibration characteristics of the
floating box and fixed box along the X-direction are pro-
portional to the eccentricity e of the crankshaft. The changes
of the displacements, velocities, and accelerations of the
floating box (X, X'l, Xl) and fixed box (X5, Xz, X"z) with the
eccentricity e of 6, 8, and 12 mm are shown in Figure 10. It
can be found that all the vibration characteristics of the
screening body fluctuate harmonically during the working
process about the FFSCLS. Furthermore, both the maximum
values of |X,|, |X,| (Figures 10(a) and 10(b)), |X,|, |X,|
(Figures 10(c) and 10(d)), and IXII, IXZI (Figures 10(e) and
10(f)) increase with the increase of e.

Figure 10(a) shows that the displacement X; presents a
cosine variation law during the working process of the
FFSCLS. When the eccentricity e is of 6 mm, the displace-
ment X; gradually decreases from 4.0mm to —4.0mm
(negative sign indicates an opposite direction of displace-
ment) in the first half of the vibration period (0 to 0.05 s) and
increases from —4.0 mm to 4.0 mm in the second half of the
vibration period (0.05 to 0.1 s). The displacement amplitude
of the floating box |X,| increases from 4.0 mm to 5.4 mm
when the eccentricity e increases from 6 mm to 8 mm. Then,
when e further increases to 12 mm, a larger increase in the
displacement amplitude of |X,| is observed, whose value is
8.0mm. Figure 10(b) shows the displacement of the fixed
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F1GuRre 7: Comparisons of the velocities of the screen body between experiments and calculations (a) for floating box along X-direction,
(b) for fixed box along X-direction, and floating box and fixed box along (c) Y-direction and (d) Z-direction.

box X,. Based on the working principle of the FFSCLS, the
motion directions of the floating box and the fixed box are
always opposite, which means that the phase difference of
the displacement curves between the floating box and the
fixed box is 180°. Hence, the corresponding displacement X,
presents a sine variation law during the working process of
the FFSCLS. The amplitude of the displacement of the fixed
box|X,| increases from 2.0 mm to 2.6 mm when e increases
from 6 mm to 8 mm. Similarly, when e further increases to
12 mm, the increase of | X,| is doubled, whose value is about
4.0 mm. It should be noticed that due to the greater mass, the
amplitude of the fixed screen box is always smaller than that
of the corresponding floating screen box.

Figures 10(c) and 10(d) show the velocities data of the
screen body, which can be obtained by first derivative of the
displacement data shown in Figures 10(a) and 10(b). Both
velocities of the floating box and the fixed box fluctuate

harmonically during the working process of the FFSCLS.
When the eccentricity e increases from 6 mm to 8 mm, the
amplitude of the velocity of the floating box | X, | increases
from 238.1mm's™' to 317.5mm's' and then increases
rapidly to 476.3 mm’s™" when e further increases to 12 mm.
Similarly, the amplitude of the velocity of the fixed box |X,|
increases from 117.2mm's™" to 234.5mm’s™' when e in-
creases from 6 mm to 12 mm, whose values are smaller than
that of the floating box. Figures 10(e) and 10(f) show the
accelerations of the screen body, which are drawn based on
the second derivative of the displacement data. When the
eccentricity e increases from 6 mm to 12 mm, the amplitudes
of the acceleration of the floating box |X, | and the fixed box
|X2| will increase from 14.2m's™> to 28.3m's "> and from
7.0m’s™* to 14.0 m's 2, respectively. It should be noticed that
both a relatively low velocity (acceleration) and a relatively
high velocity (acceleration) are detrimental to the screening
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F1GURE 9: Comparisons of (a) velocity and (b) acceleration of the midpoint of screen surface along Y-direction between the experiments and

calculations.

TABLE 1: Parameters used in Section 4.2.

Item Value
Mass of the floating box, m; (kg) 4515
Mass of the fixed box, m, (kg) 9873
The rotational speed of the crankshaft, w (rads™) 59.2
The eccentricity of the crankshaft, e (mm) 6 8 12

process of the flip-flow screen. A low velocity might cause
the accumulation of particles on the screen surface, while a
high velocity would reduce the residence time of particles on
the screen deck, both of which could reduce the screening

efficiency. Therefore, a reasonable choice of the eccentricity e
is necessary and the value should be between 6 and 12 mm.

4.3. Vibration Characteristics of the Screen Body with Different
Crackshaft Rotational Speeds. Table 2 lists the parameters
applied in this section. The eccentricity of the crankshaft e
used here is 8 mm. The stiffness coeflicient of the springs k,x
is 2.47 x 10°N'm ™" and the mass of the screen body remains
unchanged. Based on equations (11) and (14), the vibration
characteristics of the screen body are directly affected by the
rotational speed w. The vibration amplitudes of the screen
body with different w are shown in Figure 11. Before the
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TABLE 2: Parameters used in Section 4.3.
Item Value
The eccentricity of the crankshaft, e (mm) 8
Stiffness coeflicients of the springs, k,x (Nm™) 2.47 x10°
Rotational speed of the crankshaft, w (rad's™) 51.8 59.2 64.2
g ‘resonance region
E
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X
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FiGure 11: Vibration amplitude of the screen body with different w.

resonance angular frequency w,x (13.1 rad's™), both the
amplitudes of the floating box and the fixed box are positive
and increase exponentially with the increase of the crack-
shaft rotational speed w. When w exceeds w,x, the vibration
amplitudes of the screen body become negative, and the
amplitude of the floating box A,y decreases exponentially to
0 when w is about 15.8 rad's™ and then gradually increases
with w and remains stable at around 5.35 mm eventually. The
amplitude of the fixed box A,x decreases exponentially when
w is smaller than 20 rad's™". Then, the amplitude of the fixed
box decreases slightly and remains stable at about —2.6 mm.
It should be noticed that excessive vibration amplitudes of
the screen body could be obtained when w is within the
resonance region, which would induce unstable working
conditions of the flip-flow screen. When w is between about
20rads™' and 50rads™ (region I), the vibration motion
directions of the floating box and the fixed box are opposite,
the screen body could move correctly. However, the rota-
tional speed w is relatively slow leading to a low velocity and
acceleration about the screen body, which would induce a
lower screening performance. When w is within region II,
both the vibration amplitudes of the floating box and the
fixed box are stable and a relatively high screening perfor-
mance could be obtained in practice. A further increase of
(after region II) would hardly increase the vibration am-
plitudes, but the amplitudes of velocity and acceleration
about the screen body will increase rapidly. High velocity
and acceleration amplitudes may reduce the screening ef-
ficiency of the FFSCLS. Moreover, when the rotational speed

is too high, both the alternating loads applied on the springs
and the machine noise will increase, and the machine service
life will be reduced. Thus, the vibration characteristics of the
screen body should be controlled.

The effects of the rotational speed w on the kinematic
characteristics of the screen body are shown in Figure 12.
The amplitudes of the displacement of the floating box | X |
(Figure 12(a)) and the fixed box |X,| (Figure 12(b)) change
slightly with the increase of w. When the values of rotational
speed w are 51.8, 59.2, and 64.2rads™', the maximum
amplitudes of the displacement of the floating box |X,| are
5.33, 5.37 and 5.40 mm, respectively, while those of the fixed
box |X,| are 2.69, 2.65, and 2.63 mm, respectively. The
changes in displacement amplitude are relatively small.

The maximum amplitude of the velocity of the floating
box | X, | (Figure 12(c)), the fixed box | X,| (Figure 12(d)) and
the maximum amplitude of the acceleration of the floating
box |X1| (Figure 12(e)), and the fixed box |X2| (Figure 12(f))
increase relatively significantly with the increase of w. When
the rotational speed w increases from 51.8rads™' to
64.2 rad’s”", the maximum amplitudes of the velocity | X, | and
the acceleration |X,| will increase from 276.2mm’s ' to
346.2mm's”" and from 14.3m’s > to 22.2 m's >, respectively.
The maximum amplitudes of the velocity |X,| and the
maximum acceleration |X2| will increase from 139.3 mm's™
to 168.5mm’'s ™" and from 7.2 m's > to 10.8 m's >, respectively.
It should be noticed that when w increases from 51.8 rad's ™" to
64.2rad’s', the displacement amplitude of | X | only increases
by 1.3%, but the velocity amplitude of |X,| and the
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TABLE 3: Parameters used in Section 4.4.
Item Value
The maximum distance between the two ends, L (mm) 315
The rotational speed of the crankshaft, @ (rad's™") 59.2
The eccentricity of the crankshaft, e (mm) 8
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FIGURE 13: Vibration characteristics of the screen surface midpoint with different tension lengths Al (a) Deflection Y, (b) velocity Y, and

(c) acceleration Y.

acceleration amplitude of | X, | increase by 20.2% and 35.6%,
respectively. The displacement amplitude of | X,| decreases by
only 2.3%, but the velocity amplitude of |X,| and the ac-
celeration amplitude of |X,| increase by 17.3% and 33.3%,
respectively. So, when the crackshaft rotational speeds w are
beyond a certain range, further increase of w will cause the
vibration characteristics of the screen body increase rapidly,
which is harmful to the screening machine. Moreover, the
increase of w also increases the vibration frequency of the

screen surface. Therefore, a preferred crackshaft rotational
speed w is especially necessary while the value should be
within 51.8 to 64.2rads .

4.4. Vibration Characteristics of the Screen Surface with
Different Tension Lengths. Based on equation (19), the vi-
bration characteristics of the screen surface along the Y-
direction are proportional to the tension length Al when the
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rest of the parameters are given. The parameters used in this
section are listed in Table 3. The maximum distance between
the two ends of the surface L is 315 mm, the rotational speed
of the crankshaft w is 59.2 rad's ™', and the eccentricity of the
crankshaft e is 8 mm, respectively.

The deflection Y, the velocity Y, and the acceleration Y of
the surface midpoint along the Y-direction with a different
value of tension length Al are shown in Figure 13.
Figure 13(a) shows that the deflection Y presents a regular
variation law during the vibration of the screen surface.
When Alis -5 mm, the deflection Y gradually increases from
—-49.3 mm to —24.4mm (negative values indicate the max-
imum distance L is shorter than free length [) in the first half
of the vibration period (0 to 0.05s) and decreases from
—-24.4mm to —49.3 mm in the second half of the vibration
period (0.05 to 0.1s). The valleys and peaks of the wave
indicate the screen surface is in the states of relaxation and
relative tension. The amplitude of AY (i.e., the difference
between the maximum Y at the peak of the wave and the
minimum Y at the valley of the wave) decreases from
249mm to 20.5mm when Al decreases from —-5mm to
—10mm. Then, when Al further decreases to —15mm, AY
even reduces to 17.8 mm. With the decrease of the tension
length Al the curves of deflection Y are similar, but the
deflection amplitude AY will be reduced.

As shown in Figure 13(b), the velocity amplitude |Y | also
decreases with the decrease of Al The corresponding velocity
amplitudes |Y| with Al of =5 mm, —10 mm, and —15 mm are
742.3mm’s"', 608.1 mm’s~', and 526.4 mm’s ', respectively.
Compared to Y with Al of —15 mm, the curve of the Y with Al
of —5mm is sharper which means the change of velocity is
faster. It can be seen from the acceleration curves in
Figure 13(c) that with Al decreasing from —5 to —15 mm, the
positive maximum of the acceleration Y decreases from 31.9
to 26.0m's > while the negative maximum value decreases
from the absolute value of 67.6 to 38.8 m's °. The positive
maximum acceleration corresponds to the valley of the wave
in Figure 13(a) where the screen surface is in a relaxed state.

Shock and Vibration

Y-Acceleration (m-s2)

(®)

extreme conditions. (a) e=8 mm; (b) e=12 mm.

On the contrary, the negative maximum acceleration cor-
responds to the wave peak of the deflection Y, where the
screen surface is relatively tensioned. The vibration of the
screen surface will be more intense under the state of ten-
sion. Therefore, the negative maximum acceleration is
greater than the positive maximum acceleration.

During the screening process of the FFSCLS, slight vi-
bration of the screen surface is not conducive to the
movement of the material particles, and the looseness and
layering of the material layer are adversely affected. Thus, the
decrease of Al affects the screening efficiency detrimentally.

However, it can be expected that the surface will vi-
brate more violently when the tension length Al continues
to increase. Figure 14(a) shows the vibration character-
istics of the surface midpoint at the tension length Al of -1
and —0.2mm under eccentricity e of 8 mm. Numerical
singularity of acceleration Y (exceeds 15g with Al of
-1 mm and exceeds 30 g with Al of —0.2 mm) can be found
when the screen surface vibrated periodically. The ac-
celeration Y even exceeds 22g with Al of —1 mm and
exceeds 50 g with Al of —0.2 mm under eccentricity e of
12mm, as shown in Figure 14(b). Under exaggerated
stretch conditions of Al>0 which mean the relative po-
sition between the two ends of the surface L exceeds the
free length of the screen surface [, the surface profile is a
straight line and cannot be modelled as a three-tangent
arcs theory. Besides, the high acceleration is beneficial to
self-cleaning when the surface is exaggeratedly stretched,
but exaggerated stretch may decrease the lifetime of the
screen surface. Therefore, Al should be within a reasonable
range of —15 to =5 mm.

5. Conclusions

In this work, the vibration characteristics of an industrial-
scale flip-flow screen with crank-link structure (FFSCLS)
were studied. Based on the current investigation, the fol-
lowing conclusions are drawn:
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(1) The vibration characteristics of the floating box, the
fixed box, and the midpoint of the screen surface
could be calculated based on the proposed kinematic
model of FFSCLS. The corresponding experimental
results could be obtained based on the vibration test
system. The maximum accuracy between the theo-
retical and the experimental results was 93.04%
which proved high validity and accuracy of the ki-
nematic model.

(2) The kinematic characteristics of the screen surface
along the X-direction are determined by the relative
vibration of the floating box and fixed box. The
vibration of the floating box and fixed box becomes
more intense with the increase of the crackshaft
eccentricity e and the crackshaft rotational speed w of
the crankshaft. The vibration characteristics of the
screen surface midpoint along with the Y-direction
increase with the increase of the tension length AL A
reasonable screening status of the flip-flow screen
could be obtained when the parameters of e, w, and
Al were within 6 mm to 12mm, 51.8rads ™’ to
64.2rad’s”', and —15mm to —5 mm, respectively.
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