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THEORETICAL INVESTIGATION OF THE PROCESS OF
DIGGING ROOTS VIBRATION METHOD

Summary

A new mathematical model is developed which de=etibe process of direct sugar beet extraction fsoih) carried out by
interaction of the vertical impact force and thadtive effort, which are transmitted to the roobgrfrom the vibratory dig-
ging tool. Sets of differential equations have bebktained the solution of which enables to deteenifre law of the root

crop movement during their direct vibrational extian.

1. Introduction

The use of sugar beet vibrational extraction freoil
has a number of essential advantages in compawsibn
other ways. It is characterized by lesser damagéehef
roots, lower losses of the crop during the haryesiod,
more intensive cleaning of the root crops from d¢hels of
soil, lesser blocking up of the working channethaf digger
with soil and plant residues. Therefore this tedbgical
process requires detailed analytical researchhdurdevel-
opment, and manufacturing application of advandedav
tory digging tools.

2. Materials and method

At first let's carry out the necessary formaliaatbf the
technological process to be considered. Despitéaittehat
the process of sugar beet extraction from soildakehort
interval of time (the forward speed of the rootgdigs can
reach 2 m/s), all the process can be conditiordilded
into separate interconnected successive operdfipnAs it
was noted above, extraction is possible only incdme of a
symmetric grip of the root crop by the digging tedth si-
multaneous transformation of the vibrations of thet crop
into its angular vibrations around a conditionainpof fix-
ing of the root crop in soil.

At the first stage of extraction, and especiatlyhe first
vibrations, the restoration force at the anguldrations

multaneously in two directions — along the forwandve-
ment of the digger and in the perpendicular dicecfalong
the full depth of the root crop position in soiljhus the
forces of root crop contacts with soil and the tiay

forces of soil will gradually decrease to such animal

value at which the vibrational processes are toansfd
into the processes of root crop continuous movement
wards and forward — along the movement of the digasd
also into continuous root crop rotation around rtleeinters
of mass. The elasticity forces of soil will pastithe resis-
tance forces of the loose soil during the root cnogve-
ment through the working channel of the diggereAthat
the stage of the sugar beet direct extraction ftbensoil
starts [2].

In order to develop a mathematical model, firsalbfve
shall make an equivalent scheme of the root crograo-
tion with the working surfaces of the vibratory dligg tool
during the root crop direct extraction (fig.). Isepresent the
vibratory digging tool in the form of two coupledgding
surfaces (wedge#1B1C1 and A2B2C2, each of which hav-
ing an inclination in space at angless, y and which are so
located in relation to each other that a workingrotel is
formed with its rear part narrowed. The pointed gexi
produce vibrational movements in the longitudinettical
plane (the mechanism of the vibratory movementhef t
shares is not shown) with corresponding amplituadied
frequencies. The direction of the forward movenathe
vibratory digging tool is shown by an arrow. Thejpc-

and thereforejts moment in relation to the conditional tions of pointsB1 andB2 on axisO1 y1 are marked accord-

point of fixing will be maximal. That's why the degf in-
clination of the root crop will be sufficiently sthand full
(or partial) restoration of its vertical positiomvimg to the
forward movement of the digger will be possible viithe-
less, due to the action of the root crop, the fodwabra-
tions together with the soil surrounding it, themgactness
of the soil will decrease, and the restoration daait the an-
gular vibrations will decrease too. So, with eaabcessive
vibration the angle of inclination of the root cregll in-
crease, and restoration of the previous positiolh aeé-
crease. The root crop will be loosened around thadie
tional point of its fixing with gradual increase itd inclina-
tion angle forward in relation to the course of tligger.
This will lead to the loss of the contact betweka toot
crop and the loose soil in the direction of the sroent of
the digger, beginning from the top part of the recobp
conic surface, gradually approaching its conditigmaint
of fixing in soil. So, as it was stated above,alidws that
the destruction of the root crop contact with smturs si-
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ingly by pointsD1 andD2.

Let's consider how the root crop interacts wita #ur-
faces of wedges1B1C1 and A2B2C2 in the corresponding
points. The root crop is approximated by a congsta
body, and gripping of the root crop by the diggiogl oc-
curs symmetrically from its both sides. Let's assdurther
that the working surface of wedgaB1C1 forms a direct
contact with the root crop at poikt,, and surfacé2B2C2
at pointK2. The lines pass through poirkks andK2 of the
root crop contact, and poinBy andB2 form a section with
the sides of wedgesiCi1 andA2Cz corresponding to points
M1 andM2. Thus,d is a dihedral angle BiM1D1) between
the lower base oA1D1C1 and the working surface of the
wedge A1B1Ci, or, accordingly, a dihedral angle
(<B2M2D2) between the lower base @#bD2C2 and the
working surface of the wedg@2B2Co. Let's show the
forces which arise owing to the interaction of thet crop
with the vibratory digging tool. Interaction of tiwébratory
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digging tool with the vertical impact forag, proceeds ac-

cording to a harmonious law of the form:
Q, = H sin«t 1)
whereH — the amplitude of the impact force;— the fre-
guency of the impact force.

This force plays a basic role during the looserihgoil
in the zone of the digger working channel, andrtie crop
extraction. A specific impact forcg, is applied to the root

crop from its two sides, and on the scheme it es@nted
by two componentg) , andQ, ,. These forces are applied

accordingly to point¥; andK, at the distancé from the
conditional point of fixingO, causing vibrations of the root
crop in longitudinal-vertical planes which destrine con-
tact of the root crop with soil and create the reglicondi-
tions for the extraction of root crops from soik e grips
of the root crops are symmetric, it is obvious tinetre will
be the following correlation:

Qtr 1 = Qtr 2 (2)

Let's decompose the given forces into normglsand

=£H sin wt
2

and tangential components andfz, as it is shown in the

figure. As the vibratory digger moves forward ire ttirec-
tion of axisO1x1 in relation to-ghe root crop which is fixed
in soil, and during the moment of the grip of tlwetrcrop
by the digging tool - in the direction of axi@ix1, the

motive forces§l and p, operate too. Let's decompose
forcesp and p, into two components: normafs and .,
and tangentss and g, to surfacesA1BiCy and A2B2C,

accordingly. Besides, at the points of contiictndK, the
forces of frictionF, , and F, , act accordingly, which coun-

teract the root crop sliding along the working aod of
wedgesA1B1C1 andA2B2C2 during its grip by the vibratory
digging tool. The vectors of these forces are die®ppo-
site to the vector of the relative speed of a wop sliding
along the surface of the wedges. The root crojngjidlong
the surface of the wedges can move in the direatibn
forces-fl, T, (parallel linesBiM1 andB2M2) and in the di-

rection, opposite to the action of forcg§ S, due to the

motion resistance force of soil.

The vector of the relative speed of the root csliging
along the surface of the wedges can be decompaoged i
components in the directions specified above. 8® fdrce

of friction F«1 can also be decomposed into two compo-

Fiina direction, opposite to vectgif, andE _in

nents:
the direction of vector. Similarly, the force of friction
Fk2 can be decomposed into twoicomponeﬁ:l%:— in a

direction, opposite to vecto-FZ, and B2 _ in the direction

of vector S, .

Figure. The equivalent scheme of root crop vibragicextraction from soil
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It is obvious thaF1=F2, E1=E>. In the center of the root crop the forward movement of a root crop along aggs; and

mass (poinC) the force of the root crop mass opergtes

The forces of resistance of the loose soil durirgroot crop
movement through the working channel of the diggethe
direction of axe®);x; and0,z are designated R, and R,

accordingly.
3. Research results

During the direct root crop extraction from sdiktrota-
tion of the root crop around its center of massn{pd) will
be carried out under the action of a pair of rasist forces
of the loosened soil. We shall designate the moragtitis
pair of forces aM.

At the direct root crop extraction it is possitdeconsider
the forces of resistance of the loosened soil d#ipgron the
speed of the root crop movement in the loosenddsais a
first approximation — as simple constants. Thersfty sim-
plify the mathematical model, we shall considecésR ,

R,, and the moment of the paft, as constants.

At first let's make differential equations for theove-
ment of the center of a root crop mass (pdd)i i.e.

cosdtgy

1| cosdtgy
M| Jtg?y +1+tg®B

X, =

+ f cosb’cos(y + aKlzmax\J cos

9 { sinytgy

Jtgly+1+tg9°B

+ fsinycosycos(y+a"<;f71axﬂpl_ ,

_ 1 cosotgps
21_nT 2, 12tm22
k | 1Oy +1+tg°p

sin ytgf

2
" 2 2
mkL/tg y+1+t9°pB

wtO[2km, 2(k +1) 71, k= 0,1,2...

S 2P sin ytgy
T ey r1+g?p
mz, = 2P, sin ytgp

Yy +1+tg?8

+ fcoszésin(y+a*<;max)siny+
HJ H aKlmax
+ f sin“ y sin (y+2jc055+

a
- fcosd sin (y+ Klzmaxjsind} Hsinwt +

. . aK max .
- fsiny sin y+1T sind |P, -

+2fPsin®ycosd + fPRsin2ycosy - Ry,

-2fPRsin?ysind -G, - Ry,

0,z;. Considering the scheme of forces given above, the
differential equation of the movement of the cerdfehe
root crop mass in the vector form during their dirextrac-
tion will have the form:

L ®3)

where @ — acceleration of the movement of the root crop
mass center.

Since the process of extraction, as it has beenifsgd
above, occurs by symmetric gripping of the rootpchy
means of the digging tool, the root crop movemdoh@
the working channel of the digger occurs actuailyoingi-
tudinal-vertical planes (planas0,z;). This is why the vec-
tor equation (3) is reduced to a set of two equatim the
projections to axe®x; and0z;.

After the definition of the values of all the fecwhich
enter the vector equation (3), and their projedtitm axes
Ox, andOz, we shall produce the following two sets of dif-
ferential equations:

y}H sinwt+ix
my

Rxl

my

m @

()

wtO[(2k -7, 2k, ], k= 1,2...

Thus the set of differential equations (4) dessithe process of direct vibrational extractiothefroot crops from soll

(i.e. the distance at which the periodic impactéoacts upon the root crop), and the set of diffits@kequations (5) de-
scribes the process of the root crop extractiomfsoil when the impact force does not act uponeit,the same vibratory
digging tool can realize in different time intersdhe process of the root crop digging as the ushele digger. Let's solve
the obtained sets of differential equations.

For the given sets of differential equations (8),the initial conditions will be the followingt &= 0:

%, = 0, 2,=0

(6)
2, = - % h, 7)

The set of differential equations (4) is a selinéar differential equations of the second ordes.it is known, it is
solved in quadratures. For the simplification afaeling of the set of differential equations (€)%,d write:

Xy = X0,
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1 COSO9V | fcos Ssin (y+ a“"‘“jSin v+ (®)
me | Jto?y +1+19°B 2

+ f cochos(y+aK§maX)cosy} =q,

2|__sinytoy sinzysin(y+7aK1machosd+ ©)
my | \Jtg?y +1+tg?B 2

+ fsin ycosycos(y+ ”K%ﬂ -

10
1) cosoigh  _ fcosdsin[y+7a’<lmaxjsin5 =g’ (10)
M| Vig®y +1+19°4 2
2| __sinytgB fsinysin(y+aKl maxjsind =y, (11)
M| Vtg?y +1+tg°p 2
Considering expressions (8) — (11), the set otdifitial equations (4) will obtain the form:
. R
% = gH t+y,p -,
X, = @H sinwt+ ¢, R m, (12)
Rzl

2, = g,Hsinwt +y,P, - e g.
k
Let's integrate the set of differential equatioh®)( After twofold integration and finding any arairy constants we obtain

the following solutions of differential equation®) (n a final form:

., _ _%H Rt . ¢H
X, = - cos wt + ¢ Pt - + ,
1 ) ¥.P m, © (13)
z, = -2 os wt +y,Pt - Rat _ gt + 2
w m,
__@H YRt® _Rut?  gHt
X = - —sinwt + - + + X0,
W 2 2m, w (14)
2 2 2
7= _%';' sinowt + ¥2R1 _Ral®_ g7, @HL —lhk.
w 2 2m, 2 w 3

The sets of equations (13) and (14) describeatws bf the change in speed and the shift of th&eaf the root crop
mass during its direct extraction from soil. Frdme second equation of the set (14) it is possiblgefine the time of the
root crop direct extraction from soil. For this pase it is hecessary to substitute in the left pathe specified equation
valuez = 0 and to solve the obtained equation in relation &s the equation is transcendental, it is impdedit obtain an
analytical expression for definitidnnevertheless it can be solved on the computendgns of the known numerical meth-
ods. The calculated me&ncan be applied to the definition of the unit proility for the root crop extraction by means of
vibratory digging tools.

Let's solve the set of differential equations {&).simplify the recording of the given set, letiste:

. , 15
L) _esinytgy 2f sin®ycosd + fsin2ycosy [=y; (15)
2 2
m | \tg®y+1+1tg°p
1 2sin pt . . , 16
- —yg'B—ZfsmzysnnJ =y, (16)
M (Vtg?y +1+19°8
In view of expressions (15), (16) the set of difatial equations (5) will assume the form:
% =P - Ry
LR (17)
G R
= 'p_ik_i,
L

wtO[(2k -1, 2k, ], k=12...
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After twofold integration of the set of equatiofisr)
and finding any arbitrary constants we shall obthafinal
set of differential equations (5) in the final farm

X, = Pt — 1, 18
1 1//1 1 mk ( )
G R

z =Pt - =Kt -2t

1 ‘/’2 1 mk mk
wtO[(2k - D, 2k, ], k= 1,2,...

o 12 Ryt?
% =¢1P15_ 2m, * X0, (19)
t2 Gt R,t? 1

R L

a=¥:h7 2m, 2m, 3~

wt0[(2k - )7z, 2k, ], k= 1,2...

Sets of equations (18) and (19), accordingly, desc
the laws of the change in speed and the movemetiteof
centre of the root crop mass during their diredtaetion
from soil in the absence of the impact force.

Let's set up a differential equation of the romtpcrota-
tion around their center of mass, or arourileaconditional
axis Cy. which passes through the centre of the njpsint

2 d%0 _

e

+ 2(% fH cosdsinwt+ P, sin yjsin (y+ T 1 max SIN wt)cose(—

)

wtO[2km, (2k +1)77], k= 0,12,...

3., itg e
80 20

dt?

+ 2(% fH cosdsinwt+ fP siny cos(y+a'Kl max SIN wt)cosy(—

The differential equation of the root crop rotatiaround
force), has the form:

(

3

80

d?*e
dt 2

3
+ 5tg 2‘sjmkhk2

xcose(-h, +h=-2z)sin @+ fP,sin2ycos y(-h, +h-

wt 0 [(2k -1)7, 2kr], k=12,

Let's analyze the obtained differential equatig®2)
and (23). The differential equation (22) is nonéinelt is
possible to solve it by approximated numerical radthus-
ing a computer, and in each step of the applicatfom nu-
merical algorithm it is necessary to find valgefrom the
second equation of the set (14) for the correspandio-
ment of timet,. The differential equation (23), which in-
cludes a variable quantity, is also nonlinear, and for each
moment of time it is necessary to define valagfrom the
second equation of the set (19).

Thus, it is finally possible to regard that a neattatical
model is developed of the process of direct sugat lex-
traction from soil by vibrational digging. The olrted re-
sults enable to define kinematic modes of the ooop vi-
brational digging considering the constructive paters
of the vibratory digging tools.

4, Conclusions

1. Two sets of differential equations which desenitfane-
parallel motion of a root crop in soil during itsett extrac-
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C) on the parallel axi®,y;. According to the equation will
have a general form:

d?6 _
Ye dtz -
where 0 — the angle of the root crop rotation around axis

Cy,; I, — the moment of inertia of the root crop in redati
to axisCy,; ME — the moment of rotation around axis.

(20)

e,
Ye

(the sum of the moments of all external forces Whact
upon the root crop, in relation to axis,).

The moment of inertid,. of the root crop in relation to
axis Cy; is defined according to by such an expression:

3
. =( Jmkhkz'

After substituting expressions (2), (21) in théfeten-
tial equation (20) and carrying out the necesseamgstor-
mations we shall obtain the differential equatiéhe rota-
tion of the root crop around ax@y. during direct vibra-
tional extraction from a solil (i.e. at the actidntlee impact
force on it) which has the form:

+ itg ’g (1)
80 20

=-H (-h,+h=-z)sin@sin wt + 2P, cosd(-h, +h-z)+

(22)
h, +h-2z)sing +

h,+h-2z)cosd - M,

axigy, at usual extraction (i.e. in the absence of impact

=2P,cos@(-h, +h=-2z)+2fP sin?yx

(23)
z,)cos 6 - M ,

tion carried out by interaction of the vertical iagp force,
which is transmitted the root crop from the vibratalig-
ging tool, and the tractive effort, which arisesimogvto lon-
gitudinal movement of the digger.

2. These differential equations provide an oppadtyuto
find out the law of the root crop movement in adiadi-
nal-vertical plane during their direct extractioarh soil.

3. The obtained results enable also to define ihenkatic
modes of the root crop vibrational digging with@aiusing
damage to the roots and to find rational constvecpa-
rameters of the vibrational digging tool.
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