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Work [1] presents the results of the studies of cleaning the heads of root-
crops on the root by flexible purifying blade/vane in the case of motion by the
latter, established/installed on the vertical drive shaft. In this case is analytically
investigated the plane motion of the purifying operating unit. However, in practice
purifying blade/vane accomplishes the spatial motion, which at present theoreti-
cally actually not is investigated and there are no scientific works, which would
describe analytically this form of the motion of the purifying operating unit.

Let us examine the case, when the plane of the rotation/revolution of
whip/scourge around the axis Ox is arranged/located at a certain angle / to the
row of root-crops, i.e. purifying blade/vane actually moves in the space. In this

case the velocity vector of forward motion of purifier ¥, will compose angle
with the plane of the rotation/revolution of the whip/scourge. Let us depict on
Fig. 1 velocity vector ¥, of point M on the whip/scourge and velocity vector of
forward motion of purifier ¥, and projection of this speed on the coordinate
axis before beginning the impact/shock at contact point K;, and also velocity
vectors 171, U2 and U after the impact/shock. Let us depict also on Fig. 1

three-dimensional natural system of coordinates leﬁE , where the binormal b
is directed oppositely the direction of the axis Ox.

Let us decompose vector I7P along the coordinate axes Ox and Oy.Then
under the action of the speed 7, =V cos 3+ V), ,whip/scourge achieves an im-
pact/shock on the head of root-crops in the vertical plane yOx, and under the
action of speed Vpsin f whip/scourge achieves an impact/shock in the horizon-
tal plane xQy, it is more precise along the axis Ox.
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Let us depict the diagram of the forces, which act on the head of root-crops
during the three-dimensional/space impact/shock at contact point K, (Fig. 2).
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Fig. 1. The diagram of speeds with the impact contact of whip/scourge with the head of root-crops to the
impact/shock and after the impact/shock in the case, when the plane of the rotation/revolution of whip/scourge
is arranged/located at angle to the row f of the root-crops

The impact/shock in the plane yOz is reduced to case examined above; therefore
all obtained analytical expressions for determining the necessary values can be used,

but in this case each time instead of ¥ it is necessary to substitute ¥ cos /3 .
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Fig. 2. The diagram of the forces, which act at contact point of whip/scourge with the head of root-crops in the

case, when the plane of the rotation/revolution of whip/scourge is arranged/located at angle to the row f of the
root-crops
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The angle y of deflection of velocity vector 171 after the impact/shock from
the standard/normal # in the plane yOz is obtained from the expressions [1]

(VP cosa+a)p)-g (VP cosa+a)p)-8

ctgy = and y=arc ctg{ } , which were

Vpsina Vpsina

obtained for the case of the plane motion of the purifying blade/vane:

(VpcosB-cosa+amp)-&

ctgy = 1
87 Vp-cosf-sina M
then
y = arcotg (Vpcosﬂ-cosafa)p)‘g ' @)
Vp-cosf-sina

We will obtain the modulus/module of speed U, after the impact/shock in

the plane yOz from the expression U = \/ V,g sin? a + (VP cosa + a)p)2 &
which was also obtained for the case of the plane motion of the blade/vane:

Ul:\/Vﬁ-coszﬂ-sinza+(VPcosﬂ-cosa+a)p)252 , 3)
and impact impulse §1 along the standard/normal 7 is obtained from the ex-
pression S = —m(1+ ¢) V, the plane motion of the blade/vane:

S; =m(1+¢)(Vp-cos B-cosa +wp). 4)
For determining the necessary values with the impact/shock along the axis
Ox (or also the very, that along the binormal b ), let us design equation
m((7 - 17): S to the binormal 5 , we obtain:
m(U, ~V,)=S-b, (5)
or, as can be seen from Fig. 1,

m(U, +Vp-sinf)=S,, (6)

where:
S, — impact impulse from the speed ¥, sinf along the axis b.

Since U, the speed of whip/scourge after impact/shock along the binormal
b, a Vpsin f. The speed of whip/scourge to the impact/shock along the binor-

mal b , then taking into account recovery factor , it is possible to write down [2].

Uy=—¢-Vy=¢-V-sinf. (7)
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If we substitute (6) in (7), then we obtain the values of impact impulse
along the axis b :
Sy, =m(1+¢&)Vp-sin . (8)

Total speed U after impact/shock for the present instance will be equal

U=yUl+U3,

or
U:\/Vﬁ -cos? ﬂ.sin2a+(VP Cosﬂ'COSa+a)p)252 +V1§ sin? ﬂ-,92 )
Total impact impulse will be equal:
S=yS +53.
or

S=m(1+g)\/(VPcos,B-cosa+a)p)2+V,§-sinzﬂ . (10)

After the first phase (encounter of whip/scourge with the head of root-crops, or
impact/shock of whip/scourge on the head of root-crops) the second phase sets in.
The phase of the motion of whip/scourge on the head of root-crops, during which
occurs the basic process of (schesyvaniya) of remainders/residues from its head. For
the analytical description of this process it is necessary to compile the differential
equations of motion of the point K (arbitrary point of whip/scourge, which it will
move) the contact of whip/scourge over the injector face of the root-crops.

The composition of the differential equations of motion of contact point of
whip/scourge and head of root-crops for the case, when the plane of the rota-
tion/revolution of whip/scourge around the axis Ox is arranged/located at a cer-
tain angle to the row S of the root-crops, is the following stage of a study.

Let us depict, as in the preceding case, the schematic of power interaction
of whip/scourge with the head of root-crops during the motion of whip/scourge
along the head of root-crops. It is obvious that at contact point K will act the
same forces, which were examined for the case of the plane motion of
blade/vane, nevertheless, in contrast to the foregoing case, the process of sche-
syvaniya of the remainders/residues of vegetable tops will occur in the space,
and therefore structure diagram will be already three-dimensional/space (Fig. 3).

It should also be noted that the obtained above basic kinematic depend-
ences, which describe the motion of whip/scourge along the head of root-
crops, occur also for the case, when contact point K describes three-
dimensional/space trajectory. Thus, in the absolute motion suspension point O,
of whip/scourge will accomplish displacement/movement according to expres-
sion 00"+ 010, =V, - t + art = (V, + er)t and since whip/scourge can be
considered continuous nonductile rod, will be also valid and entire depend-
ences, examined for the case of the plane motion of blade/vane.
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Thus, and in this case centrifugal inertial force F, at each contact point K ap-
proximately remains constant in the value and in the direction; moreover vector F, is

located in plane yOz, i.e. in the plane of the rotation/revolution of the whip/scourge.

As already mentioned, the given kinematic dependences sufficiently ap-
proximately describe the process of moving the whip/scourge along the head root-
crops.Therefore for the more precise analytical study of the motion of
whip/scourge let us compile the differential equations of motion of the point M of
whip/scourge along the head of root-crops. Since tractive propelling power P of
purifier and rotational moment A7, of whip/scourge enter into the composition of

forces of (schesyvaniya) é , Fig. 3 does not depict they.

Thus, according to the diagram of power interaction, which is depicted in
Fig. 3, the differential equation of motion of contact point K along the head of
root-crops in the vector form will take the form [3]

ma=F,+G+N+F,, +0 . (11)

Since in this case we have the three-dimensional coordinate system, differ-
ential equation (11) is reduced already to the system of three differential equa-
tions of the second order of the following form

m&= N, + Fopx+ 0Oy

mF,, + N, +F,,  +0, (12)
m&F,_+G+N,+F, .+0,,

mp.z

where in the right sides of the system of equations (12) the projections of the
corresponding forces on the axis i. are written down Ox, Oy and Oz.

Fig. 3. The schematic of power interaction of whip/scourge with the head of root-crops in the process of sche-
syvaniya of the remainders/residues of vegetable tops in the case, when the plane of the rotation/revolution of
whip/scourge is arranged/located at angle f to the row of the root-crops
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Taking into account the values of the projections of the vectors of the
forces, which enter into the system of differential equations (12), and expression

F, ~ ma?® - p and F,, =[N, this system of differential equations acquires

the following form
m#&= N cos (x A]V)— fN cos(y&AV)+ QOcos ()&AV)
m &= —maw ps1na+Ncos( ,N ) chos(}&V) Qcos(;&%), (13)

m &= —ma)zpcosa —mg + Ncos(z,N)— chos(£;I7)+ Qcos(:&Af),

where:

cos (x, N), cos( s N), cos(z, ]\7) — the direction cosines of the force vector N,

cos ()&V), cos (;&17), cos (&17) — the direction cosines of the velocity vector of the motion
7 of contact point K on the head of root-crops,
K% & the projection of velocity vector /' on the appropriate coordinate axes.

Direction cosines let us determine accordingly expressions [3]

A

cos(r W)= L L coslem)= L L
dy Af oz Af (14)

A

cos (}8217) = %&, cos (&V )

Ylgga

moreover the equation of sphere is the equation of relation in this case
f(x,y,z):x2+y2+zz—R2:0 (15)

Then the system of differential equations (13) acquires this form:

N of
&= — + =
e o -/N Q
N af *, &
m&E-—maw psma+§ 6__ N;+Q;, (16)
m & —ma’ pcosa — mg+ﬁf 2—f—fN§L+Q§L,
x2+y2+22—R2:0.
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Let us calculate partial derivatives i, %, z

and the gradient of
ox oy Oz

function Af let us substitute the obtained expressions into the system of equa-
tions (16), we will have

& %
& N-NZ40oT,
mieg NNy Oy
m&—ma)zpsinaJr%-N—fN%-FQ%, (17)
m&—ma)zpcosa—mg+%-N—ﬂV§+Q§i

x2+y2+22—R2:O.

Let us reduce system of equations (17) to the system of two differential
equations relative to unknown functions x(¢), y(¢). For this let us exclude un-
known function z(f) from the system of equations (17).

For this purpose we differentiate two times of the equation of relation (15).
After a number of conversions we obtain such dependences

X8t y et z8&= 0, (18)

V2 = (e yile 288, (19)

Let us multiply further the first equation of system (17) by x, the second to
y, and the third on z let us accumulate them piecemeal, we obtain

2, 2,2
m(x& Ve Z&z i)M)N - fﬁ()o&—i- v z&-ﬁ-
+%(xy&k yiet z8— maw’ p(ysina + zcosa )— mgz,
whence, taking into account expressions (18) and (19), we find the normal reac-
tion N, which, as in the preceding case of the plane motion of blade/vane, has

1 . .
form NzE[ma)zp(y-sma+z-cosa)+ mgz—sz] nevertheless, in contrast

to the represented form, the value of the square of speed /* in this case it is de-
termined accordingly this expression

V=R + R+, (21)
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and value z is determined accordingly this expression

Z=\/R2—x2—y2 . (22)

We obtain from expression (18)

e (23)

z

Let us elevate both parts of equality (23) into the square, we will have

2
z
or, taking into account (22),

xS &
&= (2 2y A 2" (23)

R —x"-y

Substituting (24) in (21), we obtain
&t YR

V2:&+ﬁz+&:&+&+%. (26)

. . 1 .
Let us substitute expression N = E [ma)zp (y -sIn & + Z - COS a) +mgz — my?

first two equations (17), we will have

X

m&%[ma)zp (ysina+zc0sa)+mgz—sz}-[E—f§j+Q§,

1
m&—ma)zpsinaJrE[ma)zp(ysina+zcosa)+mgz—mV2]x (27)
X l_féL +Q£L
R Vv V

Further, taking into account (22) and (26), we finally obtain the following
system of differential equations, which describes the motion of point K on the
head of root-crops, in the case, when the plane of the rotation/revolution of
whip/scourge is arranged/located at angle f to the row of the root-crops:
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m&;{mwzp (y-sina+\/R2—x2—y2 -cosaj+mg\/R2—x2—y2 -
2 ~§,R2— 2 2
_m&_m}gz_m(x&—i-){ygaz] X f X =y

R \/(R2 —x? —yz)(x?% +)82)+ (x)&+ yﬁ)z

m&—ma)zpsina+;{ma)2p (y-sina+\/mcosaj+ (28)
2
mgﬁm&mﬁzw}

R —x"-y

v f-K,RZ—xz—yz
R \/(R2 —x? —yz)(& +)82)+(x)&+ y}@z
0. Rz_xz_yz

[ N | P Ay

System of equations (28) is the system of the nonlinear differential equa-
tions of the second order relative to unknown functions x(¢) and y(¢). The

obtained system of differential equations can be solved only by numerical
methods on the personal computer under the assigned initial conditions. In this
case, as in the case of the plane motion of blade/vane, unknown force QO
(schesyvaniya) of the remainders/residues of vegetable tops from the head of
root-crops must be found from realization conditions for (schesyvaniya) of the
remainders/residues of vegetable tops from the head of root-crops during the
necessary bending strain of the whip/scourge

Let us determine the initial conditions of moving contact point K in this
case.With the initial velocity of point K; the contact of whip/scourge with the head
of root-crops there will be absolute velocity U point M, whip/scourge after im-
pact/shock. Thus 170 =U , where U it is determined according to expression (9).

As can be seen from diagram in Fig. 1,

195 =-U,,

. . (29)
¥ =U,;siny-sina—U,cosy-cosa,

where:
U,, U, — they are determined according to expressions (9) and (7) respectively,
y — is determined according to expression (2).
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Thus, initial conditions for the system of differential equations (28) take
this form:
With 7= 0:
x,=0,
v, =—Rcosa,
& =-U,,

K =U;siny-sina—U,cosy-cosa.

(30)

Let us determine further the force of (schesyvaniya) O on the basis of the
conditions of the possibility of the realization of the technological process of the
detachment of the cuttings of vegetable tops from the head of root-crops, taking
into account the physicomechanical properties precisely of the vegetable tops of
the sugar beet

As follows from the data of studies of the institute of the sugar beet of the
Ukrainian Academy of agrarian Sciences, the cutting of the vegetable tops of
sugar beet in the cross section in the general case close to the triangular form,
which has with the base a cavity also of triangular form.This common format of
the cross section of cutting, according to [5], it is close to the form of figure,
which is depicted in Fig. 4. Thus, the indicated in Fig. 4 sizes/dimensions we use
subsequently for the calculations of the cross-sectional area of the cuttings of the
vegetable tops.

2a

2a,

Fig. 4. Diagram of the cross section of the cutting of the vegetable tops of the sugar beet

We will also consider that the process of schesyvaniya occurs directly on
the very head of root-crops in the bearing edge of cutting due to the shearing
strain of cutting.In that case, it is obvious, that the process of schesyvaniya will
be possible with satisfaction of the following condition:

20 31)
nF
where:
QO — the force of schesyvaniya,
[7] — the permissible tangential shear stress for the cutting,
F — the cross-sectional area of one cutting,
n — the number of cuttings, which simultaneously are combed.
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We further consider that simultaneously are combed the cuttings of the vegeta-
ble tops, which are arranged/located on the head of root-crops in one narrow row by
base for this assumption it appears that that schesyvaniye of remainders/residues
from the head of root-crops occurs immediately after cutting of its central part by the
botvosrezayushchim apparatus. But therefore the cuttings, which are ar-
ranged/located from above and in front of the number, which is combed, they are
considered as the already cut off, and consequently is not resisted with further sche-
syvanii of the remainders/residues of vegetable tops by the blade purifier.

Thus, the force of schesyvaniya O, which is determined from condition
(31), it will be equal to the force, which appears from the side of the deformed
whip/scourge, which, in turn, will be approximately equal to force ék , created

by torque M;, transmitting to the whip/scourge, i.e. by torque on the drive shaft
of purifier.Therefore it is possible to consider, that Q = Q.

Let us calculate the further necessary for schesyvaniya of cuttings from the
head of root-crops force Q. We will obtain from condition (31)

0>nF[r]. (32)
As can be seen from Fig. 4, area F’ the cross section of the cutting of vege-
table tops it is equal
1 1
F:E~2ah—5~2a0ho, (33)
or

F=ah-ayh,. (34)

Taking into account expressions (32) and (34), we find the force of schesy-
vaniya Q. It will be equal:

0> (ah—a,h,)n[z]. (35)

From other side, the force, which appears at contact point K whip/scourge with
the head of root-crops, as it was indicated above, it was equal to force Oy, which it is
created by torque M; on the drive shaft of whip/scourge.It is obvious that in the
value force O it will be equal:

0, =" (36)
P
Since O = @, that from expression (35) we obtain
O 2 (ah—ayh,)n[7] (37)
or, taking into account (37),
My >(ah—ayh,)n[z ] (38)

P
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Finally from expression (38) we find the value of torque M, on the drive shaft
of the whip/scourge:
My > plah—a,h,)n7 ] (39)

Thus, is found the value of the necessary torque on the drive shaft of
whip/scourge from the conditions of the possibility of the realization of the tech-
nological process of schesyvaniya of the cuttings of vegetable tops from the
head of root-crops taking into account their physicomechanical properties

Since we consider the angular rate of rotation of whip/scourge the given
one, on the basis (39) it is possible to determine power on the drive shaft (N, ),

necessary for the realization of the technological process of schesyvaniya of the
remainders/residues of vegetable tops from the head of root-crops.It will be
equal:
NM.=Mk-a)2p(ah—aoh0)n[r]a), (40)
where:
N —power on the drive shaft of whip/scourge,

n.e.

 — the angular rate of rotation of the whip/scourge.

Let us determine force Q, necessary for schesyvaniya of one cutting of vegeta-
ble tops, which according to [10] has these linear dimensions: @ = 5 mm, a, =2 mm,
h =15 mm, h, =2 mm. Average/mean value of permissible shearing stress for the
material of cutting, also according to [5], it will be equal to: [r] = 1.14 *10° MPa.

Substituting the value of the given values into expression (36), with n = 1,
we obtain: 0> (5-5-2-2)-10°-1.14-10°=23.9 (H).

Taking into account that the cuttings of vegetable tops can have
sizes/dimensions of more than averages in the cross section, we assume/take
0 =25 (H).

It must be noted that according to [5], for the realization of the satisfactory pro-
cess of schesyvaniya of the remainders/residues of vegetable tops from the injector
face of root-crops on the root, the necessary tangential forces must be within the

sz

the cutting of vegetable tops comprises on the average F = 0.25 cm?, we obtain, that

for schesyvaniya of one cutting of vegetable tops the necessary tangential force must

be within the limits of 17.5-30.0 (H). Thus, the obtained in this work value of the

force of schesyvaniya Q for one cutting exactly it falls into the interval indicated.
For four cuttings (n = 4)we find from expression (90): O >95.6 (H )

For the practical calculations we can accept O = 100 (H) and to substitute
its value into the system of differential equations (28).

Thus, are found all conditions for solving the system of differential equa-
tions (28) with numerical methods with the aid of PEVM.

After solving the system of differential equations (28), further it is possible
to find displacements/movements x(¢) and y(¢) contact point K whip/scourge on

limits of 70-120 (iJ Further, taking into account that the cross-sectional area of
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the head of root-crops.After this, there is a possibility, using expression (22), to
determine the extent of movement z(¢).

Further, having the displacements/movements indicated, it is possible to de-
termine the length of the trajectory of the motion of contact point K on the head of
root-crops.In this case the length of the trajectory of motion will be the arc length
space curve, whose equation in the parametric form will take this form:

x=x(1),
y=y(), (41)

z= z(t),
where:

x(?), y(¢t) and z(¢) — they are found from system of equations (83) as it was shown higher.

Directly arc length L by space curve it is possible to determine, according
to [4], with the aid of this expression:

L:}J&+;§Z+£Zdr, (42)

where:
t; — the time of the contact of whip/scourge with the head of root-crops, which can be de-
termined, using an expression.

l;

fy=—~1 .
VH+G)V

(43)

This will make possible subsequently to calculate the area of schesyvaniya
F., in the time of the contact of whip/scourge with the head of root-

cy.
crops.Actually, if width is known b the seizure of whip/scourge (actually, this it
can be the width of whip/scourge itself) during its motion on the head of root-
crops, then the area of schesyvaniya by one whip/scourge will be equal:

F, =L-b (44)

Thus, we have all bases in order to analytically estimate the effectiveness of
the work of a purifier of this type.

Since the force of (schesyvaniya) Q it is equal to the force, which appears
from the side of whip/scourge as a result of its bending strain, it is necessary to
calculate amount of deflection of whip/scourge, which ensures the creation of
this force of schesyvaniya Q. For this we can examine whip/scourge as cantile-
ver beam with the fixed end at suspension point. Accordingly [1] it is possible to
compile the differential equation of bent axle of beam/gully and after the two-
fold integration differential of the equation indicated to obtain the following
result for determining the sagging/deflection at any contact point of
whip/scourge with the head of the root-crops:
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§:i(1—d)3, (45)
3EJ
where:
0 — the sagging/deflection of whip/scourge,
EJ — the hardness of whip/scourge,
[ — the length of whip/scourge,
d = MC, distance from the free end of the whip/scourge to contact point (Fig. 3).

In particular, the sagging/deflection of whip/scourge at the free end of the
whip/scourge (point C; on Fig. 3) with d = 0, it will have this value:

. 3
5= »

Obtained sagging/deflection of whip/scourge, with its hardness E£J, it will
ensure the necessary force of (schesyvaniya) O, which is determined according
to expression (36).

Thus, the obtained new theoretical dependences give all bases to conducting
of the calculations of the basic parameters of technological process and purifier
of the heads of root-crops on the root, which has horizontal drive shaft with the
hinge attached flexible purifying blades/vanes (whips/scourges). But numerical
simulation on PEVM of data of analytical dependences will make possible to
also determine the optimum values of the design and kinematic parameters of
this operating unit, which widely is adapted in the beet-harvesting technology.
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SUMMARY

Is proposed the improved theory of interaction of flexible purifying blade/vane with the injector face of
root-crops on the root, in the case, when blade/vane moves in the space. On the basis of the obtained differen-
tial three-dimensional equations of motion of blade/vane the new mathematical dependences, which base the
basic parameters of this interaction, are given.



