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ABSTRACT

This paper introduces the structural characteristics and screening principle of rotary vibrating screen, and
establishes nonlinear equations of rotary vibrating screen in view of the material effects. An approximate
solution, material combination coefficient, and material drag coefficient for the nonlinear equations are
solved by equivalent linearization method based on nonlinear theory. The selection and calculation on main
parameters and a practical calculation example are carried out. It is of guiding significance and reference
value for the design of this kind of machinery.

Keywords: rotary vibrating screen; nonlinear force; nonlinear equation; equivalent linearization method;
dynamics analysis.

ANALYSE DYNAMIQUE, SELECTION ET CALCUL DES PARAMETRES
D’UN CRIBLE ROTATIF VIBRANT

RESUME

Dans cet article on présente les caractéristiques de la structure et les principes de tamisage d’un crible rotatif
vibrant, et on a établi les équations nonlinéaires d’un crible rotatif vibrant d’un point de vue des effets sur les
matériaux. Une solution approximative, le coefficient de combinaison de matériau, le coefficient de granulat
sont résolus pour les équations nonlinéaires par la méthode de linéarisation équivalente basé sur la théorie
de nonlinéarité. La sélection et le calcul sur les principaux parametres et un exemple de calcul pratique sont
effectués. Ce sont des principes significatifs et des valeurs de référence pour la conception de ce type de
machinerie.

Mots-clés : crible rotatif vibrant; force nonlinéaire; équation nonlinéaire; méthode de linéarisation
équivalente; analyse dynamique.
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1. INTRODUCTION

The rotary vibrating screen is widely used in mining, coal, petroleum, chemical, electric power, food, envi-
ronmental protection, and medical departments, and so on [1-3]. In ore-dressing plant, the rotary vibrating
screen, instead of the double spiral classifier, is applied for the classification according to the grinding gran-
ularity, to improve the concentrate grade. The rotary vibrating screen is also used to classify the tailings of
selected scenes to enhance the recovery rate of concentrate. In coal preparation plant, the rotary vibrating
screen has solved the problem of plugging holes for the difficultly screened fine coal with water content 7 to
14% in the process of wet sieving and increased the screening efficiency. In the field of salt manufacturing
and food processing, etc., the screening operation is usually used for purification treatment of materials. In
chemical engineering department, the rotary vibrating screen is applied for the screening of chemical raw
materials and products, and for the classification of chemical fertilizer and compound fertilizer as well. In
food sector, the rotary vibrating screen can be applied in the purification treatment of food, and so on. From
the above, the rotary vibrating screen is the key equipment in various fields [4—8]. Therefore, the design and
study on rotary vibrating screen is remarkably important.

The screens are generally regarded as linear vibration system in the process of design on similar vibrating
screens [9]. But as a matter of fact, the materials perform throwing motion on the screen surface during
the working process of vibrating screen. In a periodic vibration, the materials sometimes contact with
screen surface. During this time, the materials and the screen surface have the same acceleration. When
the acceleration of screen surface is greater than a certain value, the materials will leave machine body to
show throwing movement; after a certain time, the materials fall back on the machine body and impact on
it, and then move with machine body together. In this process, the materials produce all kinds of nonlinear
forces acting on the working machine body, such as interval inertial force, impact force and interval friction
force (interval refers to a certain time interval in a cycle), etc. [10-12]. In order to make accurate analysis
on vibration system, the influence of various nonlinear forces of materials on the vibration of machine
should be considered. This paper introduces the structural characteristics and screening principle of rotary
vibrating screen, and establishes the nonlinear equations for rotary vibrating screen in view of the material
effects. An approximate solution, material combination coefficient, and material drag coefficient for the
vibration equations are solved by equivalent linearization method based on nonlinear theory. The selection
and calculation for main parameters and a practical calculation example are carried out. It is of guiding
significance and reference value for the design of this kind of machinery.

2. STRUCTURAL CHARACTERISTICS AND SCREENING PRINCIPLE

The structure of rotary vibrating screen is shown in Fig. 1. It is made up of screen box cover 1, round screen
mesh 2, rubber ball 3, ball tray 4, screen box 5, vibration isolation spring 6, motor base 7, vibration motor 8,
screen frame 9, etc.

The machine is equipped with a variety of screen surfaces with different mesh sizes so that it can sieve
dry, light and thin materials, can screen wet, heavy and thin materials, can also carry out dehydration and
other solid-liquid separation operations. The screened materials enter the central part of screen surface
from the material inlet of screen box cover. The materials can be quickly spread onto the whole screen
surface to cause the material layer thinning and the increased opportunities for the contact between material
particles and screen surface. At the same time, the materials make circulation movement on the screen
surface to prolong their movement distance on screen surface, which is equivalent to lengthen the length of
screen surface, increase the screening time, and thus improve the screening efficiency. The rotary pendulum
vibration of machine can speed up the materials to become loose, tumbling and stratification to increase
screening efficiency. Because the materials move in a helical direction towards periphery, the material outlet
can be arbitrarily arranged along the circle tangent. The smooth discharge can improve the processing ability
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Fig. 1. Structure of rotary vibrating screen.
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Fig. 2. Amplitude-frequency response curve of rotary vibrating screen.

of the machine. The machine has the features of easy manufacture, convenient installation and disassembly,
and whole machine closure without polluting environment. The machine adopts the hole cleaning rubber
ball colliding the screen surface constantly to clean the mesh, avoiding the blocking during the working
process and improving the penetrating ability of materials and screening efficiency. The machine adopts
the composite spring with the advantages of metal spiral spring and rubber spring, having good vibration
isolation performance and small noise to meet the requirements of environmental protection. The machine
works in the state far beyond resonance. As shown in Fig. 2, the working amplitude is stable in AB area in
amplitude-frequency response curve.

Due to the axis of two vibration motors and the vertical axis of machine installed at an angle of cross,
so when the two vibration motors execute synchronous reverse rotation, the machine present the rotating
pendulum vibration under the combined action of the exciting force in the vertical direction and the recip-
rocating rotary vibration torque along circle tangent. The rubber balls bounce constantly to clear the screen
surface so as to ensure the normal work for screening or dehydration. Materials are added in from the cen-
ter of circular screen surface. The rotary pendulum vibration of screen surface makes the materials move
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Fig. 3. Movement locus of materials on screen surface.
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Fig. 4. Mechanical model of rotary vibrating screen.

towards the periphery in a spiral direction, as shown in Fig. 3. At the same time, the screened materials
are thrown up to become loose and layered. When the materials fall back onto screen surface, the materials
with the size less than sieve pore will go freely through the screen mesh, fall onto the cone bottom, move
towards the periphery, and discharge from the fine material outlet (as shown in Fig. 1). The materials on
screen surface move towards the periphery in a spiral direction and discharge from the coarse material outlet
so as to realize the classification or solid-liquid separation.

3.DYNAMICS ANALYSIS

3.1. Establishment of Nonlinear Equations

The mechanical model of rotary vibrating screen is shown in Fig. 4. When the phase difference angle
between the two eccentricblocks of two vibration motors is Aox = 0, the machine can be simplified into a
vibration system with two degrees of freedom under the condition of meeting synchronization, namely the
vertical vibration along Z axis and the torsional vibration around Z axis.
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The exciting force along Z axis direction is
F.(t;) = 2mor®? cos € sin ©f (1
The excitation torque around Z axis direction is
M.(t;) = 2mor@*asin € sin ot )
The nonlinear equations of rotary vibrating screen are

mjZ+ci+Fn(Z,2,2,t) + k2= 2myr? cos € sin 0t 3)

TV ey W+ My, (W, W, 1) + ky W = 2mora’*asin e sin ot 4)

where m; is the mass of vibration body (including eccentric block); J; is the rotary inertia of vibration body
(including eccentric block) to Z axis; c;,cy are the equivalent drag coefficients of movement and rotation
of vibration body; k., ky are the spring stiffness along Z axis and around Z axis; z,Z,7 are respectively the
displacement, the velocity and the acceleration of machine body along Z axis; v, y, / are respectively the
angular displacement, the angular velocity and the angular acceleration of machine body around Z axis; mqg
is the mass of eccentric block on exciter shaft; r is the distance from centroid of eccentric block to rotation
axis; € is the angle between axis of exciter and horizontal plane; a is the half distance between the axes of
two exciters; @ is the rotating angular velocity of exciter; F;,(Z,2,z,¢) is the nonlinear force of materials in
Z direction; M, ({7, yr, y, 1) is the nonlinear torque of materials around Z axis.

The nonlinear force of materials in Z direction is F,(%,2,z,¢). It equals to zero when the materials are
thrown off; it turns into m,, (Z+ g) when the materials move with machine body together. The instantaneous
impact force is Fy,(Z,2,z,¢) when the materials fall back. Therefore, the nonlinear force of materials in Z
direction F,(%,2,z,t) can be expressed in Eq. (5)

0 s < Q<0
Fnl(z.vZ?Zat): mm(z—i—g) (Pz_zn‘i‘A‘PS(PS(Pd (5)
My (Zm — Z2) | At 0. <0< +Ap

where ¢, @, are the throw starting angle and the throw ending angle; z,,,Z, are the vertical velocity of
materials at drop point and the instantaneous vertical velocity of machine body at the same moment; z,, =
A.wcos@; — g(Q, — @4)/®; At is the fall and impact time of materials; AQ = WAz, compared with the
vibration period, the time is very short, A¢ — 0; ¢ is the vibration phase angle.

The nonlinear torque of materials around Z axis is M, ({, {, y,t). It equals to zero when the materials
are thrown off; it turns into J,,y when the materials move with machine body together. The torque of
instantaneous impact force to Z axis is J,, (¥, — Y.) /At when the materials fall back. The nonlinear torque
of materials around Z axis can be expressed in Eq. (6)

0 Py < Q<@
Mm(‘ﬁ)‘ilv W7t): me (Pz—27r+A(P§(PS (Pd (6)
an(li/m_li’Z)/At ‘PZS‘PS(Pz+A(P

where /,,,, /. are respectively the angular velocity of materials and the angular velocity of machine body in
the touch moment between materials and machine.
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3.2. An Approximate Solution of Nonlinear Equations
Suppose that an approximate solution of the equation is

7= Asin(0t —ay) = A;sing, @, = 0t — o,

Y = Oysin(of] — oty) = Oy sin@, @, = Ot — 0y @)

The nonlinear force is expanded by the Fourier series expansion, then

Fu(Z,2,2,1) Z Ay, COSNQ, + by, sinng,)

= %0z
2

Ms

Mm(‘l’a ‘Ilv ll’vt) = aOTW + (anw cosn@, + bnl[/Sinn(pu) ®)

n=1

For the general nonlinear vibration system, a harmonic force according to the Fourier series expansion is
much larger than two or more times of the harmonic force, so the harmonic force of far more than two times
can be omitted. Due to the study on the dynamic state of machine body, the constants only affecting static
state will not be considered, the nonlinear force can be approximatively expressed as

E(Z7Z>Zat) R a1;C08 @, + by sin @,

My (Y, W, y,t) = ajy cos @, +brysing, 9)
For most of the vibrating machines, a, ~ oy so ¢, ~ @, = @, then there is

F,(%,2,z,t) = aj;cos @ + by sin @
My (Y, yr,y,t) = ajycos @ + by sin@ (10)

According to Euler—Fourier formula, the coefficients a;;, by, and ayy, b1y can be calculated as follows:

f/ m(Z,2,2,t) cos pde

mmlza) |: ®a g d N Q. +AQ 9 . 1 d :|
== /<pz—2n (Aza)z s1n<p> cos @dg / (64sin @z — cos @y +cos @;) (Pcosq) (0]

A 0> 1 ?
= ;a) [(kzngsin(p—zsinch> ‘

¢.—21

Z

+ (6, sin @; — cos @, + cos @.) cos (pz} (11)

1 /7 .
b= — Fm(Z,Z,Z,t)Sln(Pd(P
TJ)-n

M A, 0

4 Pa g J O, +AQ 6 ) 1 |
= |:/(pz—27t <7L(02 —sm(p> sin @ <P+/ dsm(pd—cos(Pd—i—cosgoz)@ sin @ q)}

A0 ! I 2 . .
_ Mm/z® {[_li)z cosp — 5 <q)—251n2q))] ’(pd 2n+(Gdsmq)d—Cosq)d+c03(pz)51nq)2} (12)
Z 2

T
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Therein, 6; = @, — @ .

1 (= -
arp = E[EM’71(W7 v, W,[)COS(pd(p

J, 9],,(1)2 0 2 +A<p 1

_ ImPy [/ —sm(pcosq)dq)—i—/ —COS @y +Cos ¢z)cos¢d§0]
T Q. —21 A(P

_ y @ [(_sz (p) ’ + (—cos (Pd+COS(Pz)Sin(pZ] ()
T 2 P.—2n

1 /7 L .
big = %Mm(w, W, y,t)sin@de

TnOy? [ 9 +A<P 1.
= / —sin® pdo + / —COS @y + cos ;) Ao sin d@

T ¢, 21
=——— |—=(@—=sin2¢ ‘ + (—cos @ +cos ;) sin @, (14)
T 2 2 Q. —27m

Eq. (9) is substituted into Eqgs. (3) and (4) to gain

m;Z+c;Z+a;cos @, + by sin@, +kz = 2mor®? cos € sin ot (15)
T+ cy W + aiy cos @, + byy sin @, + ky W = 2moro*asin € sin ot (16)
Substituting
s and
¢ = 10?2
cos i
¢ = Ao

into Eq. (15), and substituting

W
waz and cosQ, = —wa

sin@, = —

and into Eq. (16), the following equivalent linear equations can be gotten by simplifying sorting

b .
(mj — A;ﬂ;) fan (Cz + IZ;;) 2+ k.z = 2moro? cos £ sin o, (17)
J.— by W+ IV+ — | Y +kyy = 2moro*asin € sin ot (18)
J 6y ©? 91,,(0

Eq. (7) is substituted into Egs. (17) and (18) after second derivative to get the equivalent linearization am-
plitude A, the equivalent linear vibrating angle 6y, and the equivalent linear phase difference angles ¢, and
oy are as follows:

iz
2more? cosecos O, (CZ + l-w) o

A = ; O, = arctan o
kZ - (m] my, l 0)2 m’") o kZ - <m] my, 7L M A 02 mm> ®?

19)
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. iy
2moro*asin€ cos Oy (CW + (-)Za)) @

Oy = - ; Oy = arctan - (20)
1 1
ky — (Jj = 70,0 Jm) ®? ky — (J.i = 70,0 Jm) 2
Arc length amplitude Ay at screen surface radius R, is given by

The resultant amplitude A, and vibrating direction angle f3, at screen surface radius R, are respectively
given by

A
A AZ+Ag,  Be=arctan R.6, (22)

So the combination coefficient and the drag coefficient of materials are respectively

_blz ajz

_ —biy diy
Y A W

Bl 2
N e W)

me -

where the combination coefficient of materials K,k and the drag coefficient of materials ¢;;,Ciny are
two important parameters on dynamics computation of vibration system, which have close relationship with
dynamic state and lifetime of designed vibrating machine.

4. DYNAMICS ANALYSIS

4.1. Selection of the Movement State of Materials
According to the process requirements and the material properties treated by rotary vibrating screen, material
throwing motion state is selected. Then the throwing index D is given by Eq. (23)

n*7* A sin B,

900g 23)

where n is the vibration frequency of machine (r/min), . is the vibrating direction angle at screen surface
radius R.(°), g is the acceleration of gravity (9.81 m/s?), other symbols can refer to the previous content.

4.2. Calculation of the Average Velocity of Material Movement
The average velocity of material movement can be calculated by Eq. (24)

V= nw?tcilz)ChCmCW cosB./D (24)

where Vv is the actual average speed of material movement (m/s), ip is the throw-away coefficient (ip =
0,/27),0,, is throw-away angle; Cj, is the material thickness influence coefficient, C;, = 0.5 ~ 0.7; Cp,
is the material properties influence coefficient, C,, = 0.6 ~ 0.9, powder materials take small value and
granular materials take large value; C,, is sliding movement influence coefficient (refer to literature [2]),
other symbols can refer to the previous content.

4.3. Calculation of the Vibrating Mass
The vibrating mass is composed by the vibrating mass of machine m; (kg) and the vibrating mass of mate-
rials K,,,m,, (kg)

m=m;+ K,my, (25)

where K, is the combination coefficient of materials, K,,, = 0.25 ~ 0.4.
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4.4. Calculation of the Stiffness of Vibration Isolation Spring
The total vibration isolation spring stiffness } k is given by

mo>
Y k= = (26)

The vibration isolation spring stiffness for each is:

k=Y k/i @7)

where z is the frequency ratio (z = ®/®, =3 ~ 6); o is the exciting frequency; @, is the natural frequencies
of system; i is the number of vibration isolation spring.

4.5. Selection of the Vibration Motor
The required exciting force F is represented as follow when the machine works normally.

F = mw*A, (28)

The rotary vibrating screen adopts two vibration motors with same specifications and features, so the half
of calculated exciting force will be consulted to choose the two vibration motors with same specifications
and features.

5. CALCULATION EXAMPLE

The diameter of rotary vibrating screen is supposed to be 1000 mm, with two vibration motors crossing
installed, vibrating direction angle 8 = 50°, amplitude A, =~ 0.314 cm, exciting frequency @ = 100.5 rad/s,
and spring stiffness k, < m; o, ky < J; ®?, the combination coefficient and the equivalent drag coefficient
of materials are tried to be calculated out.
According to the known conditions, the value of throw starting angle ¢, and 6, can be calculated as
Eq. (29)
. 8 . 981 .
= — = =123.82 29
Pa = eSS 2 sin e oM 0.314 x (100.5)25in50 29)
The throwing index is D = 1/sin¢@,; = 1/sin23.82° = 2.48. According to the throwing index value D, the
throw-away coefficient can be looked up to be ip = 0.86. So the throw-away angle ¢, can be obtained as
Eq. (30)

0, = 2mip = 360° x 0.86 = 309.6° 30)

The throw ending angle ¢, can be gotten from the throw starting angle ¢, and the throw-away angle 6,
as follow
Q.= Qg+ 0, =23.82+309.6 = 333.42° (31)

Substituting the values of @4, @, and 6, into Egs. (12) and (14), by, and b1y, can be calculated out as given
by
b1, = —0.328m,A, 0%, by = —0.0146J,,0, (32)
The combination coefficients K, and Ky, are respectively 0.328 and 0.0146. The composite combination
coefficient K, is

Ko A, 0% $in B + Ky J iy Oy 02 cos B /R, )
memz ﬁ‘m l’"a")’zm v ﬁ‘/ ¢ _ mZSlHZBc+KmlyCOSZB¢.
msvc

= 0.3285in250° +0.0146.cos?50° = 0.198 (33)

K, =
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where J,,, = m,,R2, Ay = R:0y, R. is the equivalent radius of working surface, Ay, is the tangential amplitude
at equivalent radius R..

Substituting the values of ¢4, ¢, and 6, into Egs. (11) and (13), a1, and a;y can be calculated out to be
ap, = 0.72mmAZa)2, ayy ~ 0. The drag coefficient c¢,,; and ¢,y of materials are respectively 0.72m,,® and 0,
the equivalent drag coefficient ¢,, induced to composite vibration direction is

Cm = Cmz Sin? B + Cpy c08? B = 0.74m,, @ sin 50° + 0 = 0.42m,, @ (34)

It is concluded from the calculating results that about 20% of materials are involved in vibration. The
nonlinear forces of these materials will have a certain influence on the strength of parts of vibrating screen,
which must be considered in the calculation of dynamic parameters.

6. CONCLUSIONS

1. The rotary vibrating screen is a kind of high efficient equipment for the screening classification of dry
and wet fine materials. It has the features of simple and compact structure, convenient installation
and disassembly, stable work operation, no sieve pore blocking, high screening efficiency, and whole
machine closure without polluting the environment.

2. The nonlinear forces of materials, including interval inertial force and impact force, will have certain
impact on the dynamic state of inertial rotary vibrating screen and the lifetime of parts. Therefore,
the vibrating machine considering the nonlinear forces of materials on design will obtain the best
dynamic state and the service life.

3. The values of b1y and ayy are close to zero by calculation and can be omitted compared with by, and
ay;. Therefore, for the influence of combination coefficient and drag coefficient of materials on the
movement of screen, only Z direction can be considered.

4. The equivalent linearization method is an effective way to deal with two degree of freedom nonlinear
system under the effect of periodic excitation.
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