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Abstract. Subject of this work is examination of vibratingparator dynamical behaviour under directed ineftiae
excitation provided from synchronous spinning obtwnbalanced shafts. For that purpose a dynamicalem
representing the separator as system of three biigilies and seven degrees of freedom is createdsappic couples
resultant from unbalanced shats spinning are atenl With this model are performed numerical expents for area
of small forced displacements around the statidliegium position. Time and frequency domain ch &esistics are
obtained.
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1. Introduction DS; to reveal relations between generalized
Vibrating separator is intended to sift fine coordinates; to evaluate the sifting surface
disperse granular materials by non perforatedhgfti trajectories.
surface. For the purpose of experimental  Similar dynamical model of VSis developed in
examination of sifting process each point from thel1] but the excitation resuttant from the DS spmgi
sifting surface has to possess equal, rectilinear a is decreased to directed sinusoidal force, the
steady oscillation trajectories. gyroscopic moments are neglected. That
As was mentioned in [1] the construction of necessitates creation of more close to the reakbbj
vibrating separator (VS) (Figure 1) consists from:dynamical model.
sifting surface 1, carried from vibrating frame {VF In order to achieve the presented aims is built a
2. The VF 2 is elastically coupled to foundation 4dynamical model representing the separator as
through four identical leaf springs 3. Oscillationssystem of three rigid bodies with seven degrees of
excitation is achieved by directed inertial for€@ ( freedom (DOF) (Figure 2).
owned to the opposite and synchronous spinning c
two unbalanced shafts (DS) 7. The shafts 7 ar
symmetrically located about mass center (MC) of
separator. They are set in motion by flexible
coupling 5 and direct current electrical motor 6,
fixed to foundation 4. The opposite and
synchronous spinning of shafts 7 is provided from«. B
spur gearing situated between them.

Figure 2. Dynamical model of Vibrating Separator

=l | _ 8 2. Assumptions and smplifications
Figure 1. 3D SolidWorks model of Vibrating Separato The dynamical model is built for vicintty of
small displacements around the position of static
Main purposes of this work: to build dynamical equilibrium. For this vicinty a linear elastic
model of VS considering DS as a separate bodyGharacteristic of flexible elements and viscous
rotating with respect to the VF. To study the fatce damping is adopted. The mass of treated material is
spatial vibrations of VS provoked from spinning of small in comparison to the total vibrating mass,
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hence being neglected. The foundation and the VH. Equations of motion

are absolutely rigid. The inertial excitation forEe In order to derive the equations of motion the

is always inclined orp with respect to the sifting Lagrange's equations are used:

surface. In static position this force is perpenkdic d(aT oT o

tothe leaf springs longitudinal axes. _(—J -——+—=Q;; i=1+7 (1)
dt{0g ) od; g

3. Deggnations and definitions q=(xy,z,8,0,44 ) - GC vector

Defined are the following coordinate Systemstpe syperscript T is symbol for transpose
(CS) (Figures 2 and 3): Oxyz — fixed (reference), P P Yy pose.

O,xyz — performs pure translation with axes parallel —
tol)?f/\e afes of Oxpyz (point ;Ois positioned a? the 4.1 Klnetlcenf:rgy of the system T 2
mass center of the VF),;Qy,z — local (referent), it _T __T01 *To1 + Tp2 (2)

is invariably connected with VF and its axes are  lo1- Kinetic energy of VI

coincident with the principle axes of inertia. TKiS Tp1, Tp2 - Kinetic energy of first respectively
performs relative rotation with respect to C&¥>  second unbalanced shaft.

and absolute motion with respect to CS Oxyz. At 1 ) 5 5

initial position (static equilibrium) the three ednate  Ton :EM (\/01x +Viiy tVérz )+

systems are coincident. Also defined ang yquza

and DiXgYqZqe aligned with principle axes of inertia +l(3)& m*)le +Jy m\%l;, Iz mzzl)

of the two unbalanced shafts; Qy;z, and Q.xy12 2

these CS are parallel topQy;z;. The axes @z and

1 (\/2 2 2 )
== + + +
O,.z, are rotation axes of unbalanced shafts (Figure P1 sz b1x +Vb1y *Vo

(3)

3). At inttial posttion CS XgYuZy1 and DX pYapZap 1 5 ’

are rotated on anglp about Qx,y,z. This angle +E(de (60D *+ Jyg [00pyy + JIZy Eﬂ%ﬂ)
denotes the inclination of inertial excitation fer& 1

with respect to the siting surface. Too =—2|\/| q 6/52)( +V§2y +\/,§22)+

*%(de [0hxo +Jyg l]loszz +Jz4 El*)ZDzz)

M and My are mass of VF and mass of
unbalanced shaftlx,, Jy;, Jz; andJxy, Jy, Jzy are
moments of inertia of VF and of unbalanced shaft,
taken at the center of mass and aligned with the
principal axes of inertiaVp,, Vb1, Vp, are linear
velocities of p.@, respectively p.pand p.D. The
subscriptsx, y, z denotes their projections on the
fixed frame (Oxyz)o isthe full angular velocity of
VF, op; andwp, are full angular velocities of the
unbalanced shafts. The subscripty, zmeans that
they are projected onthe principle axes of inertia

Figure 3. Coordinate systems and position vectors By [3] for the linear velocity of p.Qcan be
written:
As generalized coordinates (GC) are adopted: ~ -
X, Y, Z - coordinates of MC (point,@r p.Q) in the - dr 7 dr T
fixed CS Oxyz; o1 :% = Za_gl 6 = (x.y.2) (4)
i=1 0G

v, 0, ¢ - Eulerian angles [2], here they denote
rotations about the moving axes, aligned with the
VF, the adopted sequence of rotation-isx[1]; ) i

0y — this GC denotes the rotation angle of the twd-Crin Oxyz CS - figure 3.

fog = (%, v,2)T - Vector describing position of

DS about axes 9z, and Qz,. Actually they The same expression is used forpabd p.D:
represent two different bodies but because of the _ F 7 dF o 7 drﬁ )

spur gearing with only one degree of freedom Vp, =—2L=%-—Blg; vy, =>-—L2q (5)
with respect to the VF. Herg, is the rotation dt i3 dq i=1 0G;

angle of Dxy1Yq1241 With respect to @x,y,.
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b1, oo - Vectors describing the position of
p.D; and p.B in Oxyz CS (Figure 3).

b1 =Tt

—

'{fozl““ Rpd1: rdl] pg =
(6)
R('rozz+ Rod2-Td zJ

fo21To22- Vectors describing position of
p.0,; and p.Q, in OXyy 7. In this CS they_ are r|;2=
constants and represent geometrical dimensions.
fo21= (%21, Y21, 221, ) = const e
f022= (%2: Y22 222, ) = congt
fq1, fg2 - Vectors describing position of p.D
and p.B in OuXyymZy and QXpYaozi» These

— -

b2 =Tort

—

vectors are equal by size. The distangeisythe
eccentricity of unbalanced shafts. For simpliditg t ¢ w{oy +B)+
current CS are not shown on _Figure 3. Their axes dAd
are parallel to [XyYq41Z41 respectively BXgpYqoZo >'<—¢'ﬂ/21+éDer +<i)l3(¢d +B)- yg
1 =T. :(0 O)T (8)
e - -0y 5(04 +P)
R - Rotation matrix (direction cosine matrix) d=\vd
[1, 2]. Fully describes the orientation ofQy,z
with respect to Oxyz. q',[g(q)d +B)+
Assuming small oscillations (the Euler angles _ o . _
v, 6, ¢ remains in the interval of +5°), the sine andvp; =| y+ ¢001-Wizp —| +043(0g +B) |va | (12)
cosine functions can be represented only with the o
first member in Tailor's decomposition [4]. +o [ 4(dg +p)
1 -¢ 6
R=l¢ 1 -y (9) ors{pq +p)+
0 1 :
voor) - ey melpa +B)
Rpd1 Repa2- Rotation matrixes describing the =80 Wy +| Yd
rotation of the two DS around the axes#p and +pq+p)-
0,,7. These matrixes fully describe the orientation .
of DiXuYa1Zsr and DXgYaoZiz With respect to Wity B(q)d +B)
0O:%,y4,Z,. Because the shafts are spinning in o ) - )
opposite directions here is substituted: Acquisition  of ~expression for Vp, is
Oy =g =02 analogical.
( ) s( ) Accordingly to [4, 5] the full angular velocity
¢a +P 0g +P of VF o is:
Rpa1=| ¢q +B) doq+B) O | |
0 0 1 Yed e +OBLsp
(10) Wy1 ) )
o(-¢a+B) -s-¢a+p) O w=| W, |=| 6Eo-YEo s (13)
Rpaz =| -0 +B) d-04+B) O w0z b+ 30
0 0 1

The symbols ¢ and s are substitutions of cosine
and sine functions.

After substitutions and simplifications
achieved:

Y+ 001 + Yoy - WZpy + [ $d3+i +B
X+X5 =0 Yoy + 602y, - (S(ﬁ)mq); 04)
Y+ Do+ Yoo —W i+ ((igq); q)
2= 00+ Y Opo + Zzz+[+ w(g(;_dq,)d

_(slba +B)+ ]

e

Jyd
\
\»
)jy“

(11)

Consequently the linear velocities of p.&nd
p.D, are obtained in function of GC:

But if the simplified form of rotation matriR
Eg. (9) is adopted, the expression for the angular

is velocity o (according to [4]) is allowable to be
decreased tothe following simplified form:
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Wx1 Lg (14) ¢E¢(B_¢d)+é‘3(l3_¢d)
w= = - - - . .
> ; w0p2= Rhao 0+ 2 =| ~$I5(B- 6a) +6E{-04) | (15b)
71 .
The full angular velocities of unbalanced ¢=0a
:rr\:fltzs,spgjse)cted on their principle axes of ireerti Gyp, Gy, - Relative angular velocities of DS
as- ' with respect to VF.
YLe(9q + )+ O{oq + ) . Y - Y (16
- - - . . W1 = 0, 0, ;W = O, O, -
wp1 =Riar + w1 =| ~WE(9q +B)+0&(9g +B)| (15a) o ( ¢dJ 92 { ¢dJ
‘|.>+¢.d Finally after substitutions for the full kinetic

energy of the system is written Eq. (17).
_ 2
f bq ©{0a +B) +
Tou :—ZM(XZ*'VZ*'ZZ] +—2[JX1511J2+ B2+ JZlﬁDz] +=Md =001 + 8oy = | + ¢e(dg +B)~  |va | +

L—¢ By s(0d +B)J

2
( d)E%(q)d +B) + W | | )
L - - - - 00 (&
+| y+dBo1 — Pl - +¢d|3(¢d+ﬁ)+ Vg | +| 2= 00Koq + Wiy + eBB(q)d +B)+ l:(l)d | (¢d+B)+ v .\
+0 Ty {0y +B) +Ple(dg +B)- Wdy S04 +B)
1 , . 2 . . 2 2
+5[de(¢ (da +B)+6 slpq +B)] + Jyd[—m(% +B)+ 6e(0g +B)J +Jz4 [¢+ ¢d] J+ (17)
. 2 2
- 04 ~¢a)+ 003~ a)+
+%Md X= 000 +00z00— | +0EB - 0a)+ |ya | +| y+®Dkoo - Wik + +¢dE‘F(l3—¢d)+ Yda | +
+¢ By~ 0a) L+'¢B|'>dm([3—¢d)J

+{-2‘9&22+ Y, {GB(B‘ 0g)+ 8RB ~0g) + WB(B-0g) - BB ‘¢d)}ydr} +
+§[de(m<s-¢d)+e‘c$(rs-¢d)j2+ayd{—m(s—¢d)+'em(s—%)]zuzd[qs—odﬂ

4.2. Potential energy of the system II substituted from set of three mutually perpendicula
The potential energy of the system is formedinear springs and viscous dampers, angular springs
from deformation of the flexible elements and fromand dampers are neglected.
the weight of DS and its relative vertical M, is absolutely equal with the full potential
displacement about p,Oand p.Q, energy obtained in [1] and the derivation won't be
M=N;+Np, +Mp, (18)  repeatedhere.
M, - Potential energy from deformation of all Mpq.Mp, - Potential energy from unbalanced
flexible elements. In this model every flexible shafts. Hereg is earth accelerationry,, rq, are
element (leaf springs and flexible coupling) iSprojectionS of Vector%llfaz onthe axes ©x and
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O,x. Finally for the potential energy of the system
is obtained:

Mp1=-Mg [ Hgix =Mg [0 (s¢q +B)+ ¢ &6 g + B)lOya
Mps = Mg [ ga = Mg O Os(B - g ) + 0 (B -0 4 )| Dy (20)
Mpy+Mpo =2Mg [0 [y sB +dLEP)

_1 4(sp)z 4(sp)z 4(sp)2 1( 2 2 2) _
n__z ke 2\U ) +ky 2T K, 2w +EkxsmsJ”kysW’s’szsmvs +Mpy +Mpy =
i=1 i=1 i=1

= z(kx 2B+ K, 325)5(2+4(kx kXY BB 3B+ 2(kX 2B +k, @25)y2+2k222 +

+ 2k, (2 0% (2B + 2k, [ (87 (82 + 2k, [V [§° [t B+ 2k, [V (07 (82 B4k, [ (B B BP+ (21)
+ 4k, (27 (B (B (3B + 2k, O [ + 2k, O (2 (6% B + 2k, (2 (P2 (32 B+

+%(kx5(x_¢ Vs +0025 ) +kys(y+0 Ok~ (25) +k,5(2-00¢ +LIJEV5)2)+

+2Mg [ 0yg (e g [sB+ 0 ep)

Here i is a connection point number, ky=k,=ky=ky=k, by,=b,=bs=by,=h

U, v,

P are projections of the deformation Ka=kz2=kz=Kza=kz; bz =bz=b;3=bzy=b,
N The coefficients of the flexible coupling are:
vector Aj in CS OxygZsp Which is rotated orf ks, Kys, Kz5 bys, bys, bs

about Oz axis, Us,V5, W5 are deformations of

flexible coupling in CS Oxyz. 4.3. Diss pativeener gy of the system @

The stiffness and damping coefficients of the According to [4] the velocities of the
leaf springs are: connection points can be driven from deformation
K = Ky = kyg = Kea =Ky byg =byo = byg =byg = by after differentiation about time. So for the full

dissipative energy ofthe system can be written:
1y dfa) o), e )], af, (k) (o), ()|
i) sl [P e e |
_ 2(bX ©2B+by m;zs)k 24 alby - by XY EBEP+ Z(bx 2B +by (62 B)y2+ 2, 72+
+ 2b, [ (B26? B + 20, (22 (9237 B+ 2b, [P [ 202+ 20, Y2 [ 2B + (22)
+ 4o, ~b, JOER R + Do, Y7 [ 2+ 2, (72 (T 262 B+ 20, (22 (23%R +
2

2 2
+§[bx5['x—¢w5+'erz5j sbyq -6 + 0% | +b25['z—'es<5+mcz5ﬂ

4.4, Excitation Q After substituting Egs. (17), (21), (22) and (23)
External excitation is available only by Gfj. in (1), the system differential Eqgs. (24) that

This is the torqud provided from the DC electrical describes this dynamical model is obtained.

motor with approximately linear torque—speed Because of quantitative reasons here in Egs.

characteristic. (24) are shown equations only for GC x, y, z apd
TE - All symbolical operations are performed in
T=TE-—1I[0by (23)  MATHEMATICA, after that the dynamical model
W

is transferred to MATLAB and than numerical

Tsis stall torque is required working angular solution is obtained.

velocity.
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(M +2M g )x+ (21 + 2pp)M g B Yoy + Yo + 2B GG Vg )M g [+ 2(SB+ ¢ [3B) By M g Ty b+
+ 2(5 + G ) B Mg Yo 2+ 4 BB 50q M [y B+ (s + 4by [6%B + 4by (52p )5+

+ by by ) 2B T3 T+ by L2 (B bys Cys T+ Ak (623 + dky [52B+ kg e+
+(4kx—4ky)m:[3@p;[y+ Kys Oz (B —k g Y5 [ =0

(M +2M g)y= (221 + 2pMg [~ (21 + Xpp ~ 2 3B DG g Mg [D+2(d BB~ cB) oy M g g D4+
+2(0 3B - cB)Bdg M g g B4 +4 BB Bdg My Ly DD+ (by5+4by [6%B +4b, BZB)W
+ alby — by ) EBLSE Bk bys 25 [+ bys (ks [+ (dle (82 + Ak (623 + ks )y + [dk — 4k, ) (€ BL8B x—
—kys 5 W + k5 X5 [ =0

(M +2Mg)z+ (y21+ ya2+ 28 g (Vg Mg [+ (~Xo1- Xp2+ 2 3B Edg Vg Mg B-
-2 (EB+OSB) S M a Tya g~ 2(y [EB+OSB)Epa M Ty Dy

— 4( e + 63B) By Mg g [ 4+ 4lb, — bys) T+ bys s - byg D B+
+(4kz +4k25)ﬁ+k25[3’5 W k55 B =0

205B50¢ g Mg Dyg Ok+ 2B By Mg Vg [ k-2 BB B¢ g Mg Tyg [+ 28BS Mg g Y-
~23B 803 M ¥ (B 2-20ERS04 Mg Vg W2+ s(p g ~B) Mg (g g (b~ (24)
~c(pg +B) My (2o g @ - (cB kg - SB50g ) My (2o By B+ (cB Ld g +SB0 )0
My Czpp g B+(sB@dyg +CBE D) M g g g [ B (BLEGy —CPBG4) My Koy g B~
-4 GBSBEY oy My (VG [ (B-(cBEdq +SB50g )My Doy (Vg (B B+(cB ¢ +5BSy) 0
[Mg Do g BB+ 2(02[3—32 B)Eﬁ:d)d [S6g Mg (V4 B B+5(0g +B) Mg 221 Vg [ B+s(pg +B)0
My [y, Vg [ B—(SPLEdy +CBB )M g Dkyy (g [+ (SBLEG 4 — CB IO, ) M g Dy Ly [h+
+(cB®dg ~SPSO) Mg 21 Yy & (cB g +SBBda) Mg 220ya B-c(da +B) My Kot Vg [ B+
+c(bg +B) Mg Bk /g D =50 +B) Mg o1 By B D-s(dg ~B)Mg B, Vg b B+
+2Jz4 g+ 2M 4 /3 Ty + 2(SZBE¢2¢d +c? B2 ¢g )IZIMd 3 20 4+
+2(c?Bre?y + B2 )M g A B2 Chy+ 2M o L34 92 g -
‘4(‘32 RS ¢d)mBBBEMd Y5 W +S(dg +B)M g 2y Iy g —S(bg ~B) Mg (2, Ty by~
g +B) M 91 ¥ T @ g~ B M oo Cyig (g +2052B—c2 B0 T30 Mg (37 g+
+c(pg +B) Mg D21 yg B g —clpa ~B) Mg 220y BB 4 -4 B SE Loy Sdg My L35 B g+

+2{?p- ) g 30¢ D 1222 B-52B)eq g Dya [ = 2(Ig - dya) og (504 H2B)H2+
+25%B-c?B|tdy B4 My I3 B [§3 +8EBBPEDy By My 3 WBBS +
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+ 22 B- 52)[ 0 (504 My (V3 (W2 (03 +8(EBISBEd 50 (I — yg) B+
+4(52<|>d —czcl)d)B:B BRMy V3 [emp[d)d+4(szsm:2¢d +c2BIE° <|>d)uv|OI V5 [ W 4—
~4[ERBERE(R0y ) My EyémpEéD{Jd+4(SZBE$2¢d +c2m2¢d)w|d Y3 BB 4+ 4My V3 DD, -

~26B (504 M Yo [0 [g - 205504 M Va5 =T 5~ 1d,

5. Physical parameters of the separator
The mass and geometrical parameters are
obtained after modeling in Solidworks.

M =52.37kg My = 7.37 kg

Jx, =2.88 kg-mi Jxg =0.07 kg-n
Jy; =1.63 kg-M Jyy =0.07 kg-nf
Jz, =281 kg Jz;=0.015 kg-M
Ya =0+ 19 mm X =0 mm

y1 =235 mm Z; =290 mm
b,=273.5 N-s/m k,=882143.2 N/m
by =26.5 N-s/m k,=4801.0 N/m
b,=77.0 N-s/m k,=18946.3 N/m
b =bys = 126.4 N-s/m Kk =K =9996.7 N/m
b,s=87.4 N-s/m ks =54699.9 N/m
X5 = —fCO, mm Y5 = reSir3, mm

Z;=—320 mm r.=50mm B=0+90°

6. Results

The results from numerical solution of system
Eqg. (24) are presented in graphical form. Becadse o
the considerable number of graphics provided from% g
this model here are presented only graphics for
displacement (linear and angular) of VF in time
domain (Figure 4). After implementation of Fast
Fourier Transformation (FFT) the single sided
amplitude spectrum is obtained (Figure 5). 1

The results (Figures 4 and 5) are achievedi
under the following initial conditions: A

Yq =57, mm; w=10472 rad/s; B=0°

—

fo21 =(~50,0,0)", mm; r0;2=(50,0, 0", mm 1-

°
I
=3

7.Conclusions r
Three mass and seven degrees of freedon

nonlinear dynamical model with account of &% o5 1 15 2 25 3

gyroscopic effects resultant from unbalanced shafts Figure 4. Forced vibrations in time domain

spinning is created. . . o .
The equations of motion describing the These results are in high degree similar with

programming environment of MATLAB. The confirmed the conclusion that for the presented
results are represented graphically in time andonstruction of VS the relations between GC are

frequency domain. negligibly weak, the forced oscillations trajectarfy
sifting surface is steady and rectilinear.
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Figure 5. Forced vibrations in fequency domain
(Single sided amplitude spectrum)
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