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FORMULATION OF BOUNDARY
CONDITIONS AND EQUATIONS OF
DYNAMICS OF GRAIN MIXTURE ON
THE PLATE SPREADER OF
VIBROCENTRIFUGAL SEPARATOR

The article investigates the dynamics of grain mixture
movement on a plate spreader, taking into account the surface features
of the working body and the influence of aerodynamic forces on the
cleaning process. The boundary conditions are formulated and
equations of particle motion are obtained, which allow us to estimate
their trajectory and cleaning efficiency under the influence of air flow.
The main factors that affect the uniformity of mixture distribution and
quality of its cleaning, in particular the geometric parameters of the
spreader, air flow rate, and physical and mechanical characteristics of
the particles, are determined.

Particular attention is paid to the role of vibration, which can be
used to improve the processes of cleaning and pre-mixing the grain
mixture before it is fed to spreader. Vibration contributes to uniform
distribution of particles in size and density, which, in turn, can increase
efficiency of subsequent cleaning by optimizing aerodynamic
conditions. The possibility of integrating vibration oscillations into the
grain distribution system to ensure flow stability and reduce the
unevenness of its movement on surface of spreader is considered.

The combination of aerodynamic and vibration effects can
provide more efficient removal of impurities, improve the homogeneity
of mixture and stabilize its movement during subsequent processing
stages. The results obtained can be used to develop improved
technological solutions in the field of post-harvest grain processing, in
particular to increase the efficiency of cleaning grain mixtures. The
proposed approaches are of practical importance for improving the
design of equipment used in agricultural production.

Keywords: grain mixture, separation, vibration, amplitude,
frequency, bulk solids, efficiency, plate spreader, mixing.

Introduction. The efficient separation of
granular materials is a crucial aspect of agricultural
processing, directly impacting the quality and purity
of grain mixtures. Conventional separation methods
often struggle with issues such as incomplete
impurity removal, high energy consumption, and
material loss. Vibrational technologies have
emerged as a promising solution, significantly
improving the efficiency of separation by enhancing
particle mobility and stratification.

This study focuses on the theoretical and
experimental investigation of vibrational separation
applied to grain and feed mixtures. The research
explores how vibrational energy influences the
movement, stratification, and sorting of particles,
thereby optimizing the removal of impurities. By
analyzing the specific boundary conditions and
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dynamic equations governing particle motion on a
vibratory separator, a comprehensive evaluation of
key operational parameters is conducted [1].

Additionally, the study examines the
potential integration of vibrational separation with
air-assisted cleaning techniques to further enhance
the effectiveness of the process. The combination
of controlled airflow and vibrational energy
facilitates a more precise and efficient separation,
reducing material losses and improving overall
product quality. While vibrational mixing remains a
relevant aspect of material processing, its role in
ensuring uniform distribution before or after
separation is considered as a complementary factor
[1, 2].

The outcomes aim to advance grain
cleaning operations by refining separation
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efficiency and setting the stage for further
innovations in agricultural material processing.

Formulation of the problem. One of the
directions of increasing the efficiency of cleaning
grain mixtures (GM) from light impurities by
vibrocentrifugal separators of JSC
«VibroSeparator» (Zhitomir) is the improvement of
air cleaning. For this purpose, a new fan-ring cone-
cascade pneumatic separating device with air-
permeable cone-cascade surface has been
developed [1-3]. Compilation of the equations of
dynamics of the cleaned air cleaner requires
determination of boundary conditions.

The aim of the research. Determination of
boundary conditions and formulation of the
equations of dynamics of GM on the plate spreader
(PS) of the vibrating centrifugal separator.

Results of the research. GM with
impurities slides along the solid wall PS. Then the
kinematic condition of non-penetration of the
mixture through this wall Sz is fulfilled. [4]:

v-i=0 (S,). )

In addition, it is necessary to take into
account the action of friction forces on the PS wall.
We will consider the so-called «fast movements» of
the bulk medium [5]. At such motion the medium
experiences sliding friction resistance [6]. In this
case, there is a tangential component of the friction
force, satisfying Coulomb's law of dry friction:

T=1N, )

In terms of continuum mechanics, formula
(2) can be written through the stress tensor [4]. The
stresses p on the surface S; are related to the

stress tensor by the Cauchy relation:
p=p'E;(re0)=peE, +ph=
=f-6= nicfijEj(r,go,O) =08, +o%
(n=0),
where summation by repeating Latin
indices is from 1 to 3, and by Greek indices from 1

to 2. In expansions of the stress vector by the basis
of the curvilinear coordinate system, the first

3

n,

summand paéa(Tz‘p“éaD corresponds to the

tangential component, the second p3ﬁ(N :‘p3D -

normal. Then from (3) follows the equality:
1/2 1/2
(oaaé'a -03ﬂ€ﬂ) (aaﬂamow) =f, 033|, 4
which, taking into account a particular type
of surface S,, can be written in the form:

(@ 27)(o?) +17(0™) | = 1)o7, (1=0).®

Let us draw up the equilibrium conditions
on the free surface of the GM (Fig. 1). In the
curvilinear coordinate system (r, ¢, n) surface S;
define by equation:
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h(t,r,@)—n=0. (6)
Time differentiation of this relation leads to
the equation:

ch dréoh dpch dn_oh )

dt 0p dt ot or oy
Equation (7) represents the kinematic
condition on the free surface Si. This condition
contains the contravariant components of the
velocity vector V =V'(r,@)E (r,o,n(t,r,0)) surface
points S;. To uniquely define the surface Si it is
enough to know the normal component of this

velocity. Hereinafter we assume V =iV, then

vl=v2=0, and the boundary condition (7) is
simplified and takes the form:

N_y-o
ot

vidh e s g

8

Fig. 1. To drawing up boundary conditions

Another group of boundary conditions is
given by the equations of continuum dynamics.
These are the so-called dynamic conditions [4,7]:

(p(v,~V))=0, (n=h), o

(p(v-V)(v,~V)-1-6)=0

Angle brackets denote a jump of the
corresponding function at transition from area V- to
area Vi through the interface S; :(< fy="f - f,).

The GM flux falling on surface S; in
direction of gravity g, is a set of weakly interacting
particles. Therefore, the stress tensor for such a
medium is identically equal to zero o;=0. Let
p1.V; =0 - and velocities of the incident mixture
flow. Then (9) can be represented in the form:

p1V1n_p2V2n_(p1_p2)Vzof (n=h),

2 (V= 1V ) (Vyy =V ) = o, (V,= iV ) (Vy, =V ) + 7, - & =0.

Let us write the vector equation of the

surface Si:

F=R,(r,9) =R, (@) + h(t, I, )fi(r, ). (11)

Basis vectors T,(a=12) surface S; are
defined by the expressions:

(10
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f—@—a—g’+a—hﬁ+h@—*+h@+a—hﬁ'
Yo oo or a T a™ 12
E:ﬂ:%+@ﬁ+ha_n:§2+ha_n+6_hﬁ’
dp dp Op o9 dp Op
and the unit normal vector by the relation:
L (13
[T, xT,)

From these relations we see that the
vectors ﬂ,fz,ﬁ with accuracy up to small first order
h coincide with vectors E;(r,,0), E5(r,»,0).

Let us write (10) with accuracy up to small
first order by h:

PV = P, Vg_(pl —pz)V =0,
pl(vf—V )2 - P, (Vg—V )2 +02 =0,

(n=h),
(14)
p(Vi=V)Vi- p, (V3-V v+ 0% =0,

p(Vi-V)Vi- p,(V3-V v+ 0% =0.
Let's consider the area V; (Fig. 2) currents
GM on PS: do/2< r £D1/2, 0= @ <61, 0= n <h(t, r, ¢).
Let's denote by Sy section of the specified area by
a coordinate surface r = const = rp,. The vector
assignment of this surface has the form:

r,=T,(@.n)=(r,cosp,r,sinp,n) (15)

Fig. 2. Toward a definition of area V2

The area element of this surface is defined
in the form [8,9]:

or _or
dS =[d,T, xdy | :‘—

x—ldedn =
op on| 7

. nZ'sing |.
—rsing+ ———— |€, +
(z7+1)

nZ'cose |.

rcosg— (Z’2+1)

yz

Z'cose |.

(z7+1)

Z'sing |. 1 ~

With small-order accuracy ~o(n) the last
expression takes the form:

dS=r.
Let us introduce a non-inertial moving
coordinate system K’ rigidly connected to the

\/(Z'2+1) i \/(Z'2+1) ez_
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rotating PS with constant angular velocity Q (fig. 2)
PS. Absolute speed V0 and absolute acceleration

WO particles of a continuous medium according to
the theorems of addition of velocities and
accelerations are a vector sum of transport

velocities V® and accelerations W°, relative
speeds V and accelerations W, Coriolis
acceleration w° [10, 11]:

~>0_

V' =V+V,

o = ~ 16
W =W9+W°+W=Qx(QxF)+ZQx\7+W= (16)
=Q(Q-T) - Q7 + 20 x V+ W.
Here are the vector and scalar product of
vectors O,F, which should be written in the
curvilinear coordinate system (r, ¢, n):

{rcosw

The equations of GM dynamics expressing
the law of conservation of mass [4] taking into
account specific values of TR geometry take the
following form

og, 1 d

(x=12);
og, v 1 . /. - _
# =p—10d'V(C71 -ple v1v1)+ £0-
& O(Q-1)-Qr +20xv, |;
o,V 1 .. . Que, . _
#:_Edw(pggz v2v2)+%ng(vl—v2)+gzg— (18
—EZ[Q(Q-F)—Qf+2§xV2].
With accuracy up to terms of order ~o(n),

the vectors of initial basis [8, 12] are used to

construct the vectors of reciprocal basis Ej,E,, E:

L E, xE, :(COS(D sing 2 j
\/E1~(szﬁs) 2%4+1'2%+1'2%+1)
E2_ E,xE z(_singo,cosw,oj;(lg)

\/1.(sz|53) roor

ExE, | Z'cosp  Z'sing 1
CEEXE) | 27 Jz7e) 20y )

Then the contravariant components of
vectors Q, QxF and QxV look like:
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nz’cosg & +| rsinp— nz'sinp g+ z+——"2 s,
(2'2+1) (Z’2+1) (z7+1)
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o 2 2 3 z_. Qr=07 (21)
Q'=0_7—, 0'=0, Q'=0——— =QZ.
* 27 +1 In the following we will consider stationary
(20)
(er)l =0, (Ox r)z -0, (Gx r)3 -0 motion of the medium. In this case, the summands
) . ., containing time partial derivatives turn to zero.
(va)l - rv (va)z :Q|:V__ vz } Taking into account all the above-mentioned, (17),
Z%+1 roryz?+1 (18) are written in the form of:
L rz'v? 1 0 ~ ) 05, (V2+Q) ae vt (22)
V) =Q——=— ——(r (27 +1)e, V. |+ 4 late
(Qxv) =0 ) e 27 +0) ar( (27 +1)e, ) o9 on
(a=1,2);

and the scalar product QxF equal:

L { % (ot - pfglviv;)+%(aﬂ_ Pl V2 v1)+a_an(al3 AL

Pl or
+A11((711_P1051V1V1)_A13(013_Ploglvai)_Azz(o'zz_ploglvlzvlz)]"
Z' Z7' rv’
+&0———¢ | OF —Q?rcosp-2Q——1|=0;
97701 1[ Z”%+1 v Z'2+J

ol or

1[0 0 0
L2 (o ptaivi) o (0" - ptavivi) + (o7 - plavivi)

2 0, \Ay2 28 0.\ 3\2
+BlZ(O- _plglvlvl)_BZ3(o- _plglvlvl)}_

) Y Z'
—g | -Q°rsing + ZQ(———vgJ =0;
{ rz7+1

1[0 8 0
Ff{a(a” ~ AV )+ o (0% —ple i)+ So(o™ - plavivi)+
+C11(Gll—pfglviV1)+C13(O'13 _ploglvivf)—i- (23)
+C22(G22 —plogl V12 Vlz)—C33(O'33 —,01051V3 Vf)}r
, ' 1,2
+8lgz——81 {QZ,Zz—Z—QZ rCOS€0—ZQrZ—Vl}=O;
772 1 Z7 41 77?11

T T
2

0. (LA 1.1 0. (3L 31
+A11(_p252V2V2)32V2V2_A.ls(_ngzvzvz)gzvzvz

Qe

0 2,2 2,2 1 1

S G RVAV PRV v2}+ 2a2p2° (Vi-v3)+
2

7' , 22", rv2
+&,0———6,| Q —-Q°rcosp —2Q zZ_|=0;
9771 2[ Z7+1 v Z'2+1}

1|0 0 0
L2ty L) 2]
+By, (—pfgz V12 Vg)_ By (—pgé‘z Vg Vg ):I"'

1 '
+—9ﬂl€2 (Vf— vﬁ) ) {—ersin(p+ ZQ[ﬁ —#vgﬂ =0;

2a’p; roz7+1

(24)
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_0{5(_10252 Vs V2)+%(_p352 Vi V2)+ %(—pﬁgz vi Vg )} +
Cu(

11 1,3 2,2 3,3
11 ‘92V2Vz)+C13(52V2V2)+C22(52V2Vz)_C33<‘92V2V2)]+

2 o(Vf_V2)+gng—_52|:
2a°p, Z%+1

Conclusions.

The results of this study confirm that
vibrational separation is a highly effective technique
for improving the quality and efficiency of grain
cleaning processes. The introduction of controlled
vibrational energy enhances particle stratification,
reduces impurity content, and optimizes material
flow, leading to higher precision in separating
desired components from unwanted fractions.

Furthermore, the integration of vibrational
separation with air-assisted cleaning has
demonstrated  significant  improvements  in
removing lightweight impurities while minimizing
material loss. This hybrid approach enhances the
overall efficiency of grain processing operations,
making them more sustainable and economically
viable.

Boundary conditions and equations of GM
dynamics by PS with regard to a specific type of its
surface are compiled. The study of the obtained
equations is necessary to establish regularities and
improve the efficiency of GM cleaning by air flow at
its descent from TS.
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®OPMYNMIOBAHHA IPAHUYHUX YMOB |
PIBHAHb AUHAMIKM 3EPHOBOI CYMILLI HA
TAPIITHYACTOMY PO3KUAOAMI
BIBPOBIALIEHTPOBOIO CEMNAPATOPA

Y cmammi QocnidxeHo OuHamiKy pyxy
3epHOBOI cymiwi Ha mapinyacmomy po3skudadi,
gpaxosyrodu ocobnueocmi  NMoBePxHi  pPobo4o2o
op2aHa ma ernsug aepoOuUHaMIiYHUX Cusl Ha fpouec
oyuweHHs1. CghopMyrbo8aHO epaHuyHi ymosu ma
OMPUMaHO  PiBHSIHHSI  PYyXy — 4YacmuHOK, WO
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ernusaromp Ha pPieHOMIPHICMb po3rodinny cymiwi ma
AKicmb i O4YUCMKU, 30Kpema 2eo0MempuyHi
napamempu  poskudaya, WeEUOKICMb  OMOoKy
nosimpsi ma hi3UKo-MexaHIdHi Xapakmepucmuku
YaCMUHOK.

Okpemy ysazy npudineHo pori 8ibpauyitiHo2o
erusy, SKul Moxe e8ukopucmosysamucsi Ors
MOKpaLEeHHSI MPOoUECie O4UUWEHHS ma rnornepedHb020
3MilllysaHHs1 3epHOBOI cymiwii neped ii nodadyero Ha
poskuday. Bibpauis cripusie piegHOMIpHOMY po3rodiny
4YacmuHOK 3a PO3MIPOM ma 2yCmUHOH, W0, Y C80H
qepey, Moxe nidsuwumu eghekmueHicmb
rnodarnblwioe0 OYUWEHHSI 3a paxyHoK onmumizauii
aepoduHaMiyHUX ymos. Po3sansHymo Moxrugicme
iHmeepauii  sibpauiliHux KonugaHb y cucmemy
po3nodiny 3epHa Ot 3abesneyeHHss cmabinbHocmi
MOMOKY ma 3HUWXEHHSI HEPIBHOMIPHOCTI lio20 pyXy
Ha rosepxHi poskudaya.

lNoedHaHHs aepoduUHamiYHO20 i
gibpauitiHoeo ernnugy Moxe 3abesneyumu binbuwi
epekmueHe 8udarneHHs1 OOMILIOK, [MOKpaWeHHS
00HOpiOHoCcmi cymiwi ma cmabinizauito i pyxy Ha
nodanbwux  emarnax  0bPOOKU. Ompumari
pe3ynbsmamu MOXymb Oymu euxkopucmaHi 0ns
PO3POBKU 8OOCKOHANEHUX MEXHOM02IYHUX PilUeHb Y
eanysi nicrsa3bupanbHoi 06pobKU 3epHa, 30Kpema
Ona  nmidBUWEHHST  e(beKmuBHOCMI  OYUULEHHS
3epHoBuUX cymiwuell. 3arpornoHosaHi nidxodu mMaromb
pakmu4yHe  3Ha4YeHHsT  Onsi  BOOCKOHAsIEHHS
KOHCMPYKuit obnadHaHHS, WO 3acmocos8yemscsi 8
Cinbcbko20crno0apcbKoMmy 8UpobHULMEI.

dosgonisiomb  OUiHUMU  iXHIO mpaekmopito  ma Kmiowoei  crmoea:  seprosa  cymiw,
epekmueHicmb oyuweHHs nid dielo mosimpsHozo — CeNapauis, eibpayis, amrnimyoa, dacmoma, curke
nomoky. BusHayeHo OCHoeHi (bakmopu, siki Cepedosuwie,  ecekmueHicme,  mapinyacmud

po3Kuday, 3MillysaHHs.
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