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The new design mathematical model of the sugar beet roots vibration digging-out process with the plowshare
vibration digging working part has been created. In this case the sugar beet root is simulated as a solid body,
while the plowshare vibration digging working part accomplishes Àuctuations in the longitudinal-vertical plane
with the given amplitude and frequency in the process of work. The aim of the current research has been
to determine the dependences between the design and kinematic parameters of the sugar beet roots vibration digging-out technological process from soil, which provide their non-damage. Methods. For the aim accomplishment, the methods of design mathematical models constructing based on the classical laws of mechanics are applied. The solution of the obtained differential equations is accomplished with the PC involvement. Results. The differential equations of the sugar beet root’s motion in course of the vibration digging-out
have been comprised. They allow to determine the admissible velocity of the vibration digging working part’s
forward motion depending on the angular parameters of the latter. In the result of the computational simulation i.e., the solution of the obtained analytical dependence by PC, the graphic dependences of the admissible
velocity of plowshare vibration digging working part’s forward motion providing the extraction of the sugar
beet root from soil without the breaking-off of its tail section have been determined. Conclusions. Due to the
performed analytical research, it has been established that Ȗ = 13… 16°, ȕ = 20… 30° should be considered as
the most reasonable values of Ȗ and ȕ angles of the vibration digging working part providing both its forward
motion optimum speed and sugar beet root digging-out from the soil without damage. On the ground of the data
obtained from the analytical research, the new vibration digging working parts for the sugar beet roots have
been designed; also the patents of Ukraine for the inventions have been obtained for them.
Keywords: vibration digging working part, sugar beet root, simulation analysis, differential equations, computing solution.

INTRODUCTION
The wide use of the vibration digging working
parts in the contemporary beet-harvesting machines
is caused and explained by their considerably smaller tractive resistance, and also ability to extract rootcrops from the soil actually without the damages
and losses. The Àuctuations of the digging working
part create conditions for intensive stabbing of stuck
soil from the root-crops during their excavation,
52

which contributes to the high level of quality indicators. Therefore, the design of new vibration digging
working parts, and also study of their functioning
for determining the optimum design and kinematic
parameters is the urgent task of sugar-beet raising
mechanization.
The analytical study of the process of interaction
between the working elements of the vibration digging working part and a root will allow to obtain the
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kinematic, design and technological characteristics and
also – to determine their optimum values.
Basic theoretical and experimental researches of the
sugar beet root’s vibration excavation are published
in source [1], whereto the root-crops is simulated as
the body like to an elastic rod of variable cross section with one ¿xed end. The lateral oscillations of a
root examined in the current research are described
by means of the differential equation in the partial derivatives of the fourth order. The direct technological
process of the root-crop digging-out of the soil during
the vibration application of efforts is not actually discussed in the paper. Though, it is mentioned that the
conditions for the root digging-out of the soil under
the action of the perturbing force applied in the transverse-vertical plane are found by means of the specially comprised dynamic force analysis equations. In
the mentioned source it is considered that precisely
this direction of Àuctuations will most fully contribute
to the high-quality excavation of the sugar beet root
from the soil.
In the literature [2] the theory of usual plowshare digging operating unit is developed. The method of the
root digging-out of the soil at forward motion of digger taking into account the conditions for the root nondamaging has been discovered. In the above mentioned
paper the expression for determining the admissible
velocity of digging working part’s forward motion at
given design parameters is obtained. In this case the
root digging-out process is achieved under the action of
the forces appearing on the working surfaces of plowshares as a result of the digging working parts’ forward
motion along the rows of root-crops.

MATERIALS AND METHODS
For end of the mentioned purpose the methods of design mathematical models construction and computer
simulation are applied.
RESULTS AND DISCUSSION
Let us examine the process of beet roots diggingout with a vibrating digger performed under the action of the vertical harmonic perturbing force transferred to plowshares from an actuator. The principle
of the usual plowshare digging working part functioning lies in the fact that during the motion on the row
of the beet roots its wedges destroy the layer of soil
penetrating together with the roots the reduced digger canal formed by the internal surfaces of wedges.
Since the wedges are ¿xed under appropriate Į, ȕ and
Ȗ angles, interaction of the layer of soil together with
the roots with the sides of wedges in course of their
forward motion occurs in such a way that the layer
of soil is compressed from both sides, deformed, and
of the corresponding efforts of digging-out from the
soil are created for the beet roots during their further
motion between the working surfaces of wedges (i.e.,
through the reduced canal).
It it should be noted that in the digging-out roots process by the usual plowshare digging working part, the
soil support forces play the important role, therefore
the layer of soil is compressed in the reduced digger
canal, which causes the appearance of necessary forces
of vertical digging-out. Thus, the presence of the soil
support forces is the necessary condition for the work
of the usual plowshare digging working part.

The purpose of the current research was to establish
the analytical dependences between the design and kinematic parameters of the sugar beet root vibration digging-out technological process out of the soil by a plowshare digger ensuring conditions for their non-damage.

In case of the beet roots digging-out by a vibration digger as a result of the Àuctuating motion of
plowshares the soil in the zone of the digger working
canal is strongly loosened, and therefore, the mentioned root digging-out forces do not appear, since
the necessary compressive strain of soil in the digger
canal does not occur. As indicated in [3], the presence of soil in the vibration digger working canal is
not a basic condition for creating the root diggingout efforts. This is an essential difference between
the vibration digger and the known types of the digging working parts. In literature [3] it is also noted,
that if in the canal of the usual disk or plowshare
digging working part the root at presence of the soil
support forces, is inclined in the direction of motion,
so then in the canal of vibration digger the axis of
roots at its digging-out always takes the position almost perpendicular to the row axis.
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The developed natural and forced root body oscillations theory [3] is necessary for the evaluation of
the inÀuence of the indicated Àuctuations on the process of destroying the connections of root-crops with
the soil.
Numerous studies currently existing in the scienti¿c literature concern issues of the root vibration
digging-out of the soil [2í10]. However, the data of
developments are nevertheless insuf¿cient for the
complete analysis of the root direct digging-out of
the soil.
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Fig. 1. Force interaction between the sugar-beet root and wedges of the vibration digging
working part

This is caused by the fact that the support forces,
which are the necessary condition of the usual plowshare digger operating, are no longer important for the
vibration digger work. Therefore, the probability of the
root breaking-off as a result of its axis inclination in
the direction of the forward motion of vibration digger
considerably decreases. During the vibration diggingout in the process of vertical displacement the roots are
intensively cleaned of the stuck soil due to providing
them with a signi¿cant acceleration.
Thus, the root digging-out during the vibration excavation is achieved due to the direct seizure of roots by
the vibration digging working part under the action of
the perturbing force transferred by working part from
the actuator. As followed from the mentioned above, it
is necessary to examine the direct contact of roots with
the working surfaces of plowshares during their seizure
for investigating the digging-out process with the aid of
the vibration digging working part. This contact can be
achieved either directly between the working surfaces
of digger and a root body, or through the suf¿ciently
thin layer of soil.
Let us draw the equivalent diagram of interaction
between a root and the working surfaces of the vibration digging working part. For that end, the vibra54

tion digging working part is represented in the form
of two wedges – A1B1C1 and A2B2C2, each of which
has an inclination in the space under Į, ȕ, Ȗ angles,
¿xed to each other in the way that the working canal
is formed, whose tail end is narrowed (Fig. 1). The
indicated wedges accomplish Àuctuating motions in
the longitudinal-vertical plane (the actuator of plowshares to the Àuctuating motion is not represented).
The direction of the forward motion of the vibration
digging working part is shown with a pointer. Let us
connect with the vibration digging working part the
Cartesian rectangular coordinate system Oxyz. Its Ocenter is located in the middle of the narrowed digger canal, Ox-axis coincides with the direction of the
forward motion of digger, Oz-axis is directed upward,
and Oy-axis is directed to the right side of the digger.
Projections of B1 and B2 points to Oy-axis are marked
with O1 and O2 correspondingly.
It is considered that the root approximated with the
body of cone-shaped form located inside the digging
working part, whose own axis is parallel to Oz-axis
interacts with the surfaces of wedges A1B1ɋ1 and
A2B2ɋ2 in the two corresponding points. The straight
lines drawn through the contact points of roots with
the planes of wedges A1B1ɋ1 and A2B2ɋ2 and B1 and
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B2 points create the corresponding M1 and Ɇ2 points
at the intersection with the wedges sides A1ɋ1 and
A2ɋ2. Thus, ș is a dihedral angle (ȼ1Ɇ1Ɉ1) between
the lower basis Ⱥ1Ɉ1ɋ1 and the working surface
of the wedge A1B1ɋ1 or, (ȼ2Ɇ2Ɉ2 angle) between
the lower basis Ⱥ2Ɉ2ɋ2 and the working surface of
wedge A2B2ɋ2.
The forces appearing as a result of interaction of
the root with the vibration digging working part is
indicated. At the contact points of the root with the
appropriate surfaces of wedges A1B1ɋ1 and A2B2ɋ2
the perturbing forces Qpert1 and Qpert2 perform. Because of the action of these forces at the indicated contact points the normal responses N1 and N2
appear from the side of A1B1ɋ1 and A2B2ɋ2 wedges
surfaces correspondingly, and Ɍ1, Ɍ2 i.e., the tangential components of perturbing forces Qpert1 and Qpert2.
In addition, at the indicated contact points there are
the friction forces of F1 and F2 appearing during
the motion of roots along the working surfaces of
wedges A1B1ɋ1 and A2B2ɋ2 correspondingly. Since
the vibration digging working part has a symmetry
axis, assuming that the root in course of its diggingout of the soil is located precisely on this symmetry
axis it is considered that the modules of the paired
forces appearing on the appropriate planes of wedges
A1B1ɋ1 and A2B2ɋ2 between themselves. In the root
gravity center the Gk-force acts i.e., the mass of a
root, its binding force (cohesion) with the soil is designated wit the common response of general of Rz.
The differential equation of the beet root motion in
the process of its digging-out of the soil will take the
vector form:
(1)
where m – a beet root mass; Į – root digging-out acceleration.
The value of the forces included into equation (1) is
determined below. T1 and T2 components of perturbing
forces Qpert1, Qpert2 never make a direct impact on a root,
though they only cause the soil loosing around the root,
and so, are not included into the differential equation
of a root motion.
The expressions for normal Ni and tangential Ɍi components of the perturbing forces Qpert1 and Qpert2 is following:
N1 = N2 = Qpert1cosș,

(2)

T1 = T2 = Qpert1sinș,

(3)
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The value of frictional forces F1 and F2 are estimated
from the following equations:
F1 = F2 = f N1 = f Qpert1cosș

(4)

It is obvious that taking into account the working
conditions for the above mentioned vibration digging
working parts [3] during the analytical study of the root
digging-out process it is necessary to examine two sequential phases:
1) A root is solidly connected to the soil (it is ¿xed in it,
exactly), and therefore, it cannot be moved along Ozaxis;
2) The connection of roots with the soil has already
been weakened (almost destroyed) and it begins its upward motion i.e., in the direction of Oz-axis.
The ¿rst phase is further considered.
On purpose of the thorough analysis of the root digging-out process the differential equation (1) in the
projections on the axis of the Cartesian coordination
system of Oxyz is composed.
It should be noted immediately that since the components of normal responses Ni of the working surfaces
A1B1ɋ1 and A2B2ɋ2 along Oy-axis are equal in value
and directed oppositely, the root digging-out occurs
actually only into xOz-plane, and therefore, the vector
equation (1) is reduced to the system of two equations
in the following form:
m = ܬN1x + N2x + F1x + F2x – Rx
m = N1x + N2x + F1x + F2x – Rx

ý

(5)

where Rx, Ry – the projections of the constraint forces of
the root to the soil to the corresponding axes.
The projections of the forces included into the equation system (5) are determined as follows. As seen from
Fig. 1, the projections of the normal components N1
and N2 to Ox-axis are equal:
N1x = N2x = N1 sin ș sin Ȗ = Qpert1cos ș sin ș sin Ȗ

(6)

Obviously, until the root is ¿xed in the soil, and
when during the contact of the root with the wedges
the plowshares A1B1ɋ1 and A2B2ɋ2 move upward in the
process of Àuctuations (in the positive direction of Ozaxis), though the root motion has not begun yet, the
wedges can slip along the root body. Therefore, the
frictional forces direction can be considered opposite
to the direction of the Ti-force, (i = 1.2) (parallel to the
lines of ȼ1Ɇ1 and ȼ2Ɇ2 as for the working surfaces of
wedges A1B1ɋ1 and A2B2ɋ2 respectively). At that, the
55
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slippages lengthwise to Ox-axis almost never occurs
due to the absence of the soil support forces, also in
connection with the digger forward motion (since its
working surfaces are ¿xed at the appropriate angles to
the direction of motion, what creates the condition for
the soil layer shift) it is inclined to the forward motion
at some small angle.

Obviously, this equation occurs upon condition of
the root immediate contact with the surfaces of wedges
A1B1ɋ1 and A2B2ɋ2, i.e., when they are moving upward.
This will be possible upon the following condition:

Thus, as follows from the above and on the basis of
structure diagram of Fig. 1 it is possible to conclude
that the projections of the F1 and F2 friction forces to
Ox-axis will be equal to:

–1  sin Ȧt  0,

F1x

F2 x

F1 cos T sin J

or, as considering (4), it will be:
F1x = F2x = fQpert1cos2 ș sin Ȗ

(7)

The projections of N1 and N2 normal compounds to
Oz-axis, as follows from the chart of Fig. 1, will be
equal to:

N1 z

N2z

N1 cos T

or, as considering (2):
N1z = N2z = Qpert1cos2ș

(8)

The projections of F1 and F2 friction forces to Ozaxis, as also follows from the chart of Fig. 1, will be
equal to:
F1z F2 z F1 sin T
or, as considering (4), it will be:
F1z = F2z = fQpert1cos ș sin ș

(9)

While substituting equations (6), (7) in the ¿rst equation of the system (5), it will be:
m = ܬ2Qpert1cos ș sin ș sin Ȗ + 2fQpert1cos2 ș sin Ȗ – Rx (10)
Whereas,
Qpert1 =

Qpert1 =

H sin Ȧt,

(11)

where ɇ – perturbing force amplitude; Ȧ – perturbing
force frequency, then the equation (10) will be, as follows:
m = ܬH cos ș sin ș sin Ȗ sin Ȧt +
+ f H cos2 ș sin Ȗ sin Ȧt – Rx

0  sin Ȧt  1
If the opposite in-equation occurs:
then it means that the surfaces of wedges A1B1ɋ1 and
A2B2ɋ2 move downward.
Since it is accepted that the root is cone-shaped, and
then upon condition of ful¿lling the last in-equation the
root immediate contact with the surfaces of the digger
wedges is lost. So, the root manages to return to the vertical position in time of the absence of contact due to its
own elasticity. It is possible to estimate approximately
considering that in time of the absence of contact with
the surfaces of plowshares the root accomplishes dying oscillations along Ox-axis upon availability of resistance and in the perturbing force absence. With the
advent of new contact due to a change in the Àuctuating
motion direction of the plowshares’ surfaces and also,
the digging working part’s forward motion (a canal in
the tail end of the digger is narrowed) everything is repeated. As follows from the mentioned above, at the vibration digging-out of the soil the root preserves almost
vertical position, that is in line with the conceptual issues of the source [5].
Further on, the second equation of system (5) should
be considered. Due to substitution of expressions (8),
(9) in it, the equation will be, as follows:
m

= 2Qpert1cos2 ș – 2fQpert1cos șsin ș – Rz – Gk

or, as considering (11), it will be:
m = H cos2 ș sin Ȧt – fH cos șsin ș sin Ȧt – Rz – Gk. (13)
Obviously, during the ¿rst phase (the root is quite
strongly stuck in the soil), the left half of the differential equation (13) is equal to zero. That is why, this very
equation is changed into the static equation i.e., the root
balance equation in the soil along Oz-axis, as follows:
(H cos2ș – f H cos ș sin ș) · sin Ȧt – Rz – Gk = 0 (14)

The process of the vibration digging-out of a root out
of the soil should be analyzed examining separately the
equations of the system (5). Thus, the obtained equation
(12) describes the forced oscillations of the root in the
soil along Ox-axis, while its lower end is rigidly ¿xed.

Upon further condition of the root immediate contact with the wedges’ surfaces A1B1ɋ1 and A2B2ɋ2 (i.e.,
upon condition of 0  sin Ȧt  1) the induced longitudinal vibrations of the roots examined in the source
[3] are performed. In the absence of the root contact
with the indicated plowshares’ surfaces the root accomplishes dying oscillations along Oz-axis at resistance.
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Thus, upon condition (14) the root always accomplishes either longitudinal vibrations or forced, or damped
at resistance. Besides, the impact loads appear in the
moment of root’s the next contact with the plowshares.
All this causes the intensive destruction of the root’s
connections with the soil, and therefore, misbalance
(14) as a result of the Rz force value decrease.
Thus, at the very moment the following inequality is
ful¿lled instead of the equality (14):
(H cos2ș – f H cos ș sin ș) · sin Ȧt – Gk > Rz (15)
Upon condition (15) the root move upward begins
described with the differential equation (13).
Thus, in the second phase the root begins to move in
the soil as described by the differential equation (13).
The differential equation (13) is following:
(cos2 ș – f cos ș sin ș) · sin Ȧt –

=

–

(16)

After double integrating of this very differential equation the root’s velocity and displacement along Oz-axis
as functions of time t will be obtained.
The ¿rst integral will be equal to:
=–

(cos2 ș – f cos ș sin ș) · cos Ȧt –
–

( Rz + Gk) t + C1

(17)

The second one looks as follows:
z=–

(cos2 ș – f cos ș sin ș) · sin Ȧt –
(Rz + Gk)

–

+ C1t + C2

(18)

where ɋ1 and ɋ2 – arbitrary constants.
For determination of the arbitrary constants the initial
conditions are necessary to be established. If t = 0:
z = –h1,
= 0,
where h1 – root depth in the soil.

velocity and displacement in the process of its diggingout of the soil along Oz-axis at the established initial
conditions have been obtained.

–

(Rz + Gk)

(cos2 ș – f cos ș sin ș),

Since this equation is transcendent, it is impossible to
obtain the analytical expression for determination of t1,
though it is possible to estimate it with PC applying the
known numerical methods. The calculated value of t1 is
allowed to be used for determining the productivity of
the aggregate for the roots excavation with the vibration digging working parts.
It is noted above, for the period of time, while the root
is ¿xed in the soil, the equation (12) describes the forced
oscillations of the root in the soil along Ox-axis. However, when the root loses ties with the soil and begins
to move upward, the equation (12) describes its motion
lengthwise Ox-axis until the complete digging-out.
Consequently, by analogue, after the double integrating of the differential equation (12) it is possible to determine root velocity and displacement along Ox-axis,
i.e., in the direction of the vibration digging working
part’s forward motion. For that end, it is necessary to
write down the differential equation (12) in the following form:
=
sin Ȗ (cos ș sin ș + f cos2 ș) sin Ȧt – Rx (22)
The double integrating of this very equation gives the
following results. The ¿rst integrating of the differential equation (22) results in the following:
=–

(19)

C2 = –h1
After substitution of (19) into the expressions (17)
and (18) the following will be obtained:

(21)
(cos2 ș – f cos ș sin ș) t – h1

+

It is possible to determine the time of the root’s digging-out of the soil t1 from equation (21). For that end,
it is necessary to substitute value of z = 0 into the left
side of equation (21) and to estimate the obtained equation considering t1.

Considering the initial conditions, the arbitrary constants’ values will be obtained:
C1 =

(cos2 ș – f cos ș sin ș) · sin Ȧt –

z=–

sin Ȗ (cos ș sin ș + f cos2 ș) cos Ȧt –
–

t + L1,

(23)

The second one will give:
x=–

sin Ȗ (cos ș sin ș + f cos2 ș) sin Ȧt –
(24)
–
t2 + L1t + L2

where L1 and L2 – arbitrary constants.

Thus, the expressions for determining of the root’s

For the arbitrary constants L1 and L2 to be determined,
it is necessary to establish the initial conditions. Thus,
at t = 0:
= 0, x = x0,
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=–
–

(cos2 ș – f cos ș sin ș) · cos Ȧt –

(Rz + Gk) t +

(cos2 ș – f cos ș sin ș)

(20)
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where x0 – the distance of the root’s vertical axis from
the initial point of the coordinate system (O-point) in
the moment of time t = 0.
Considering the initial conditions, the following
values of the arbitrary constants will be obtained:
L1 = –

(25)

sin Ȗ (cos ș sin ș + f cos2 ș),

and
(26)

L2 = x0

The substituting of the obtained values of the arbitrary constants L1 and L2 in the expressions (23) and
(24) will result in:
=

sin Ȗ (cos ș sin ș + f cos2 ș) cos Ȧt –
(27)

–

t +

sin Ȗ (cos ș sin ș + f cos2 ș),

and
x=–
–

sin Ȗ (cos ș sin ș + f cos ș) sin Ȧt –
(28)
2
2
t +
sin Ȗ (cos ș sin ș + f cos ș) t + x0.
2

Thus, the values of the projections of the root velocity and displacement to Ox-axis as the function of
time t, which meets the given initial conditions, have
been obtained.
Owing to the specially determined software, the numerical computations of the admissible velocity V of
the plowshare vibration digging working part’s moving upon condition of the non-damage of the sugar beet
root and various values of angles Ȗ and several ¿xed
values of angles ȕ have been accomplished. The initial
data for the calculations are given in the Table.
The diagrams of the velocity change V for the forward motion of the plowshare digging working part
depending on the different values of the angle Ȗ have
been drawn on a base of (Fig. 2).
As seen from the represented diagrams, the calculation results the dependences of the indicated parameters
are close to the linear nature. By increasing in the angle
of attack Ȗ of the plowshare vibration digging working
part, the value of the forward velocity V of its motion
Estimating Parameters for the Plowshare Vibration
Digging Working Part
Parameter
a

[Px]

0.12 m

200 N

58

Ȗ

f

11000 N/m3 0.60

f1

g

0.50

9.81 m/s2

Fig. 2. Dependence of the admissible velocity V of the plowshare vibration digging working part’s forward motion upon
the angle Ȗ: ȕ1 = 15º, ȕ2 = 20º, ȕ3 = 30º

ensuring the digging-out of the sugar beet root of the soil
without damaging is lowered. As concerning the inÀuence of the camber angle ȕ of the plowshare vibration
digging working part onto the forward velocity V of its
motion, as can be seen from the diagrams, the use of big
values of such angles ensures the higher level of the forward velocity of motion. Considering that the statistical
value of the taper angle Ȗk of the sugar beet root composes 20… 28 degrees, then the use of a value of the
camber angle ȕ of the plowshare vibration digging
working part close to 30 degrees, also ensures the higher level of the motion forward velocity.
Thus, the obtained estimation results demonstrate that
the most reasonable values of the angles Ȗ and ȕ, wherein the high speed V of the plowshare vibration digging
working part’s forward motion, and also digging-out of
the sugar beet root from the soil without damage are ensured, should be ȕ1 = 15º, ȕ2 = 20º, ȕ3 = 30º.
Thus, the PC estimation results of the obtained analytical dependences con¿rm their correctness and
afford grounds for their practical application in course
of both design and calculations of the new, more improved digging working parts for the beet-harvesting
machines.
Taking into account the obtained results the new
constructions of the vibration digging working parts
[11í15] have been developed. Their use improves the
quality of this technological process.
CONCLUSIONS
1. The new design mathematical model of the vibration digging-out of the beet root of the soil with the
AGRICULTURAL SCIENCE AND PRACTICE Vol. 1 No. 2 2014
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plowshare vibration digging working part has been accomplished.
2. The root’s velocity and displacement in the forward motion direction of the vibration digging working part have been determined taking into account its
design-kinematic parameters.
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ȼɭɥ. ȼɨɤɡɚɥɶɧɚ, 11, Ƚɥɟɜɚɯɚ-1,
ȼɚɫɢɥɶɤɿɜɫɶɤɢɣ ɪ-ɧ, Ʉɢʀɜɫɶɤɚ ɨɛɥ., ɍɤɪɚʀɧɚ, 08631
3
ȼɿɧɧɢɰɶɤɢɣ ɧɚɰɿɨɧɚɥɶɧɢɣ ɚɝɪɚɪɧɢɣ ɭɧɿɜɟɪɫɢɬɟɬ
ȼɭɥ. ɋɨɧɹɱɧɚ, 3, ȼɿɧɧɢɰɹ, ɍɤɪɚʀɧɚ, 21008

Ȗ = 13 ... 16°, ȕ = 20 ... 30°. ɇɚ ɨɫɧɨɜɿ ɨɬɪɢɦɚɧɢɯ ɞɚɧɢɯ
ɚɧɚɥɿɬɢɱɧɢɯ ɞɨɫɥɿɞɠɟɧɶ ɫɩɪɨɟɤɬɨɜɚɧɨ ɧɨɜɿ ɜɿɛɪɚɰɿɣɧɿ
ɜɢɤɨɩɭɜɚɥɶɧɿ ɪɨɛɨɱɿ ɨɪɝɚɧɢ ɞɥɹ ɤɨɪɟɧɟɩɥɨɞɿɜ ɰɭɤɪɨɜɢɯ
ɛɭɪɹɤɿɜ, ɧɚ ɹɤɿ ɨɬɪɢɦɚɧɨ ɩɚɬɟɧɬɢ ɍɤɪɚʀɧɢ ɧɚ ɜɢɧɚɯɨɞɢ.
Ʉɥɸɱɨɜɿ ɫɥɨɜɚ: ɥɟɦɿɲɧɢɣ ɜɿɛɪɚɰɿɣɧɢɣ ɜɢɤɨɩɭɜɚɥɶɧɢɣ
ɪɨɛɨɱɢɣ ɨɪɝɚɧ, ɤɨɪɟɧɟɩɥɨɞɢ ɰɭɤɪɨɜɨɝɨ ɛɭɪɹɤɭ, ɦɚɬɟɦɚɬɢɱɧɟ ɦɨɞɟɥɸɜɚɧɧɹ, ɞɢɮɟɪɟɧɰɿɚɥɶɧɟ ɪɿɜɧɹɧɧɹ, ɪɿɲɟɧɧɹ
ɧɚ ɉȿɈɆ.
Ɇɚɬɟɦɚɬɢɱɟɫɤɚɹ ɦɨɞɟɥɶ ɜɢɛɪɚɰɢɨɧɧɨɝɨ
ɜɵɤɚɩɵɜɚɧɢɹ
ɤɨɪɧɟɩɥɨɞɨɜ ɫɜɟɤɥɵ ɢɡ ɩɨɱɜɵ

1
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ȼ. Ɇ. Ȼɭɥɝɚɤɨɜ1, ȼ. ȼ. Ⱥɞɚɦɱɭɤ2, Ƚ. ɇ. Ʉɚɥɟɬɧɢɤ3
ɇɚɰɢɨɧɚɥɶɧɵɣ ɭɧɢɜɟɪɫɢɬɟɬ ɛɢɨɪɟɫɭɪɫɨɜ ɢ
ɩɪɢɪɨɞɨɩɨɥɶɡɨɜɚɧɢɹ ɍɤɪɚɢɧɵ
ɍɥ. Ƚɟɪɨɟɜ Ɉɛɨɪɨɧɵ, 15, Ʉɢɟɜ, ɍɤɪɚɢɧɚ, 03041
2
ɇɚɰɢɨɧɚɥɶɧɵɣ ɧɚɭɱɧɵɣ ɰɟɧɬɪ “ɂɆɗɋɏ”
ɍɥ. ȼɨɤɡɚɥɶɧɚɹ, 11, Ƚɥɟɜɚɯɚ-1,
ȼɚɫɢɥɶɤɨɜɫɤɢɣ ɪ-ɧ, Ʉɢɟɜɫɤɚɹ ɨɛɥ., ɍɤɪɚɢɧɚ, 08631
3
ȼɢɧɧɢɰɤɢɣ ɧɚɰɢɨɧɚɥɶɧɵɣ ɚɝɪɚɪɧɵɣ ɭɧɢɜɟɪɫɢɬɟɬ
ɍɥ. ɋɨɥɧɟɱɧɚɹ, 3, ȼɢɧɧɢɰɚ, ɍɤɪɚɢɧɚ, 21008
1

ɉɨɛɭɞɨɜɚɧɨ ɧɨɜɭ ɪɨɡɪɚɯɭɧɤɨɜɭ ɦɚɬɟɦɚɬɢɱɧɭ ɦɨɞɟɥɶ ɩɪɨɰɟɫɭ ɜɿɛɪɚɰɿɣɧɨɝɨ ɜɢɤɨɩɭɜɚɧɧɹ ɤɨɪɟɧɟɩɥɨɞɿɜ ɰɭɤɪɨɜɢɯ
ɛɭɪɹɤɿɜ ɥɟɦɿɲɧɢɦ ɜɿɛɪɚɰɿɣɧɢɦ ɜɢɤɨɩɭɜɚɥɶɧɢɦ ɪɨɛɨɱɢɦ
ɨɪɝɚɧɨɦ. ɉɪɢ ɰɶɨɦɭ ɤɨɪɟɧɟɩɥɿɞ ɰɭɤɪɨɜɢɯ ɛɭɪɹɤɿɜ ɦɨɞɟɥɸɽɬɶɫɹ ɹɤ ɬɜɟɪɞɟ ɬɿɥɨ, ɚ ɥɟɦɿɲɧɢɣ ɜɿɛɪɚɰɿɣɧɢɣ ɜɢɤɨɩɭɜɚɥɶɧɢɣ ɨɪɝɚɧ ɭ ɩɪɨɰɟɫɿ ɪɨɛɨɬɢ ɡɞɿɣɫɧɸɽ ɤɨɥɢɜɚɧɧɹ ɭ
ɩɨɜɡɞɨɜɠɧɨ-ɜɟɪɬɢɤɚɥɶɧɿɣ ɩɥɨɳɢɧɿ ɿɡ ɡɚɞɚɧɨɸ ɚɦɩɥɿɬɭɞɨɸ ɿ ɱɚɫɬɨɬɨɸ. Ɇɟɬɚ ɞɚɧɨɝɨ ɞɨɫɥɿɞɠɟɧɧɹ ɩɨɥɹɝɚɥɚ
ɭ ɜɫɬɚɧɨɜɥɟɧɧɿ ɡɚɥɟɠɧɨɫɬɟɣ ɦɿɠ ɤɨɧɫɬɪɭɤɬɢɜɧɢɦɢ ɿ
ɤɿɧɟɦɚɬɢɱɧɢɦɢ ɩɚɪɚɦɟɬɪɚɦɢ ɬɟɯɧɨɥɨɝɿɱɧɨɝɨ ɩɪɨɰɟɫɭ ɜɿɛɪɚɰɿɣɧɨɝɨ ɜɢɞɚɥɟɧɧɹ ɤɨɪɟɧɟɩɥɨɞɿɜ ɰɭɤɪɨɜɢɯ ɛɭɪɹɤɿɜ ɡ
ʉɪɭɧɬɭ, ɳɨ ɡɚɛɟɡɩɟɱɭɽ ɭɦɨɜɢ ʀɯɧɶɨɝɨ ɧɟɭɲɤɨɞɠɟɧɧɹ.
Ɇɟɬɨɞɢ. ȼɢɤɨɪɢɫɬɚɧɨ ɦɟɬɨɞɢ ɩɨɛɭɞɨɜɢ ɪɨɡɪɚɯɭɧɤɨɜɢɯ
ɦɚɬɟɦɚɬɢɱɧɢɯ ɦɨɞɟɥɟɣ, ɡɚɫɧɨɜɚɧɿ ɧɚ ɤɥɚɫɢɱɧɢɯ ɡɚɤɨɧɚɯ
ɦɟɯɚɧɿɤɢ. ȼɢɪɿɲɟɧɧɹ ɨɬɪɢɦɚɧɢɯ ɞɢɮɟɪɟɧɰɿɚɥɶɧɢɯ ɪɿɜɧɹɧɶ ɡɞɿɣɫɧɟɧɨ ɡɚ ɞɨɩɨɦɨɝɨɸ ɉȿɈɆ. Ɋɟɡɭɥɶɬɚɬɢ. ɋɤɥɚɞɟɧɨ ɞɢɮɟɪɟɧɰɿɣɧɿ ɪɿɜɧɹɧɧɹ ɪɭɯɭ ɤɨɪɟɧɟɩɥɨɞɭ ɰɭɤɪɨɜɢɯ ɛɭɪɹɤɿɜ ɩɪɢ ɜɿɛɪɚɰɿɣɧɨɦɭ ɜɢɤɨɩɭɜɚɧɧɿ, ɳɨ ɞɚɸɬɶ
ɦɨɠɥɢɜɿɫɬɶ ɜɢɡɧɚɱɢɬɢ ɞɨɩɭɫɬɢɦɭ ɲɜɢɞɤɿɫɬɶ ɩɨɫɬɭɩɚɥɶɧɨɝɨ ɪɭɯɭ ɜɿɛɪɚɰɿɣɧɨɝɨ ɜɢɤɨɩɭɜɚɥɶɧɨɝɨ ɪɨɛɨɱɨɝɨ ɨɪɝɚɧɚ
ɡɚɥɟɠɧɨ ɜɿɞ ɝɟɨɦɟɬɪɢɱɧɢɯ ɩɚɪɚɦɟɬɪɿɜ ɤɨɩɚɱɚ. ɍ ɪɟɡɭɥɶɬɚɬɿ ɤɨɦɩ’ɸɬɟɪɧɨɝɨ ɦɨɞɟɥɸɜɚɧɧɹ, ɬɨɛɬɨ ɜɢɪɿɲɟɧɧɹ ɨɬɪɢɦɚɧɨʀ ɚɧɚɥɿɬɢɱɧɨ ɡɚɥɟɠɧɨɫɬɿ ɧɚ ɉȿɈɆ, ɜɢɡɧɚɱɟɧɨ ɝɪɚɮɿɱɧɿ ɡɚɥɟɠɧɨɫɬɿ ɞɨɩɭɫɬɢɦɨʀ ɲɜɢɞɤɨɫɬɿ ɩɨɫɬɭɩɚɥɶɧɨɝɨ
ɪɭɯɭ ɥɟɦɿɲɧɨɝɨ ɜɿɛɪɚɰɿɣɧɨɝɨ ɜɢɤɨɩɭɜɚɥɶɧɨɝɨ ɪɨɛɨɱɨɝɨ
ɨɪɝɚɧɚ, ɹɤɚ ɡɚɛɟɡɩɟɱɭɽ ɜɢɥɭɱɟɧɧɹ ɤɨɪɟɧɟɩɥɨɞɭ ɰɭɤɪɨɜɨɝɨ ɛɭɪɹɤɚ ɡ ʉɪɭɧɬɭ ɛɟɡ ɨɛɥɚɦɭɜɚɧɧɹ ɣɨɝɨ ɯɜɨɫɬɨɜɨʀ ɱɚɫɬɢɧɢ, ɜɿɞ ɤɭɬɨɜɢɯ ɩɚɪɚɦɟɬɪɿɜ ɜɿɛɪɚɰɿɣɧɨɝɨ ɪɨɛɨɱɨɝɨ ɨɪɝɚɧɭ. ȼɢɫɧɨɜɤɢ. ɍ ɪɟɡɭɥɶɬɚɬɿ ɚɧɚɥɿɬɢɱɧɨɝɨ ɞɨɫɥɿɞɠɟɧɧɹ
ɜɫɬɚɧɨɜɥɟɧɨ, ɳɨ ɧɚɣɛɿɥɶɲ ɪɚɰɿɨɧɚɥɶɧɢɦɢ ɡɧɚɱɟɧɧɹɦɢ
ɤɭɬɿɜ Ȗ ɿ ȕ ɥɟɦɿɲɧɨɝɨ ɜɿɛɪɚɰɿɣɧɨɝɨ ɜɢɤɨɩɭɜɚɥɶɧɨɝɨ
ɪɨɛɨɱɨɝɨ ɨɪɝɚɧɭ, ɩɪɢ ɹɤɢɯ ɡɚɛɟɡɩɟɱɭɽɬɶɫɹ ɨɩɬɢɦɚɥɶɧɚ
ɲɜɢɞɤɿɫɬɶ ɩɨɫɬɭɩɚɥɶɧɨɝɨ ɪɭɯɭ ɿ ɜɢɥɭɱɟɧɧɹ ɤɨɪɟɧɟɩɥɨɞɿɜ
ɰɭɤɪɨɜɨɝɨ ɛɭɪɹɤɚ ɡ ʉɪɭɧɬɭ ɛɟɡ ɩɨɲɤɨɞɠɟɧɶ ɫɥɿɞ ɜɜɚɠɚɬɢ

ɉɨɫɬɪɨɟɧɚ ɧɨɜɚɹ ɪɚɫɱɟɬɧɚɹ ɦɚɬɟɦɚɬɢɱɟɫɤɚɹ ɦɨɞɟɥɶ ɩɪɨɰɟɫɫɚ ɜɢɛɪɚɰɢɨɧɧɨɝɨ ɜɵɤɚɩɵɜɚɧɢɹ ɤɨɪɧɟɩɥɨɞɨɜ ɫɚɯɚɪɧɨɣ ɫɜɟɤɥɵ ɥɟɦɟɲɧɵɦ ɜɢɛɪɚɰɢɨɧɧɵɦ ɜɵɤɚɩɵɜɚɸɳɢɦ
ɪɚɛɨɱɢɦ ɨɪɝɚɧɨɦ. ɉɪɢ ɷɬɨɦ ɤɨɪɧɟɩɥɨɞ ɫɚɯɚɪɧɨɣ ɫɜɟɤɥɵ ɦɨɞɟɥɢɪɭɟɬɫɹ ɤɚɤ ɬɜɟɪɞɨɟ ɬɟɥɨ, ɚ ɥɟɦɟɲɧɵɣ ɜɢɛɪɚɰɢɨɧɧɵɣ ɜɵɤɚɩɵɜɚɸɳɢɣ ɨɪɝɚɧ ɜ ɩɪɨɰɟɫɫɟ ɪɚɛɨɬɵ ɫɨɜɟɪɲɚɟɬ ɤɨɥɟɛɚɧɢɹ ɜ ɩɪɨɞɨɥɶɧɨ-ɜɟɪɬɢɤɚɥɶɧɨɣ ɩɥɨɫɤɨɫɬɢ
ɫ ɡɚɞɚɧɧɨɣ ɚɦɩɥɢɬɭɞɨɣ ɢ ɱɚɫɬɨɬɨɣ. ɐɟɥɶ ɞɚɧɧɨɝɨ ɢɫɫɥɟɞɨɜɚɧɢɹ ɫɨɫɬɨɹɥɚ ɜ ɭɫɬɚɧɨɜɥɟɧɢɢ ɡɚɜɢɫɢɦɨɫɬɟɣ ɦɟɠɞɭ ɤɨɧɫɬɪɭɤɬɢɜɧɵɦɢ ɢ ɤɢɧɟɦɚɬɢɱɟɫɤɢɦɢ ɩɚɪɚɦɟɬɪɚɦɢ
ɬɟɯɧɨɥɨɝɢɱɟɫɤɨɝɨ ɩɪɨɰɟɫɫɚ ɜɢɛɪɚɰɢɨɧɧɨɝɨ ɢɡɜɥɟɱɟɧɢɹ
ɤɨɪɧɟɩɥɨɞɨɜ ɫɚɯɚɪɧɨɣ ɫɜɟɤɥɵ ɢɡ ɩɨɱɜɵ, ɨɛɟɫɩɟɱɢɜɚɸɳɢɟ ɭɫɥɨɜɢɹ ɢɯ ɧɟɩɨɜɪɟɠɞɟɧɢɹ. Ɇɟɬɨɞɵ. Ⱦɥɹ ɨɫɭɳɟɫɬɜɥɟɧɢɹ ɧɚɦɟɱɟɧɧɨɣ ɰɟɥɢ ɢɫɩɨɥɶɡɨɜɚɧɵ ɦɟɬɨɞɵ ɩɨɫɬɪɨɟɧɢɹ ɪɚɫɱɟɬɧɵɯ ɦɚɬɟɦɚɬɢɱɟɫɤɢɯ ɦɨɞɟɥɟɣ, ɨɫɧɨɜɚɧɧɵɟ ɧɚ
ɤɥɚɫɫɢɱɟɫɤɢɯ ɡɚɤɨɧɚɯ ɦɟɯɚɧɢɤɢ. Ɋɟɲɟɧɢɟ ɩɨɥɭɱɟɧɧɵɯ
ɞɢɮɮɟɪɟɧɰɢɚɥɶɧɵɯ ɭɪɚɜɧɟɧɢɣ ɨɫɭɳɟɫɬɜɥɟɧɨ ɫ ɩɨɦɨɳɶɸ ɉɗȼɆ. Ɋɟɡɭɥɶɬɚɬɵ. ɋɨɫɬɚɜɥɟɧɵ ɞɢɮɮɟɪɟɧɰɢɚɥɶɧɵɟ ɭɪɚɜɧɟɧɢɹ ɞɜɢɠɟɧɢɹ ɤɨɪɧɟɩɥɨɞɚ ɫɚɯɚɪɧɨɣ ɫɜɟɤɥɵ
ɩɪɢ ɜɢɛɪɚɰɢɨɧɧɨɦ ɜɵɤɚɩɵɜɚɧɢɢ, ɞɚɸɳɢɟ ɜɨɡɦɨɠɧɨɫɬɶ
ɨɩɪɟɞɟɥɢɬɶ ɞɨɩɭɫɬɢɦɭɸ ɫɤɨɪɨɫɬɶ ɩɨɫɬɭɩɚɬɟɥɶɧɨɝɨ ɞɜɢɠɟɧɢɹ ɜɢɛɪɚɰɢɨɧɧɨɝɨ ɜɵɤɚɩɵɜɚɸɳɟɝɨ ɪɚɛɨɱɟɝɨ ɨɪɝɚɧɚ
ɜ ɡɚɜɢɫɢɦɨɫɬɢ ɨɬ ɭɝɥɨɜɵɯ ɩɚɪɚɦɟɬɪɨɜ ɤɨɩɚɬɟɥɹ. ȼ ɪɟɡɭɥɶɬɚɬɟ ɤɨɦɩɶɸɬɟɪɧɨɝɨ ɦɨɞɟɥɢɪɨɜɚɧɢɹ ɬ. ɟ. ɪɟɲɟɧɢɹ
ɩɨɥɭɱɟɧɧɨɣ ɚɧɚɥɢɬɢɱɟɫɤɢ ɡɚɜɢɫɢɦɨɫɬɢ ɧɚ ɉɗȼɆ, ɨɩɪɟɞɟɥɟɧɵ ɝɪɚɮɢɱɟɫɤɢɟ ɡɚɜɢɫɢɦɨɫɬɢ ɞɨɩɭɫɬɢɦɨɣ ɫɤɨɪɨɫɬɢ
ɩɨɫɬɭɩɚɬɟɥɶɧɨɝɨ ɞɜɢɠɟɧɢɹ ɥɟɦɟɲɧɨɝɨ ɜɢɛɪɚɰɢɨɧɧɨɝɨ
ɜɵɤɚɩɵɜɚɸɳɟɝɨ ɪɚɛɨɱɟɝɨ ɨɪɝɚɧɚ, ɤɨɬɨɪɚɹ ɨɛɟɫɩɟɱɢɜɚɟɬ
ɢɡɜɥɟɱɟɧɢɟ ɤɨɪɧɟɩɥɨɞɚ ɫɚɯɚɪɧɨɣ ɫɜɟɤɥɵ ɢɡ ɩɨɱɜɵ ɛɟɡ
ɨɛɥɚɦɵɜɚɧɢɹ ɟɝɨ ɯɜɨɫɬɨɜɨɣ ɱɚɫɬɢ, ɨɬ ɭɝɥɨɜɵɯ ɩɚɪɚɦɟɬɪɨɜ ɜɢɛɪɚɰɢɨɧɧɨɝɨ ɜɵɤɚɩɵɜɚɸɳɟɝɨ ɪɚɛɨɱɟɝɨ ɨɪɝɚɧɚ. ȼɵɜɨɞɵ. ȼ ɪɟɡɭɥɶɬɚɬɟ ɩɪɨɜɟɞɟɧɧɨɝɨ ɚɧɚɥɢɬɢɱɟɫɤɨ-
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ɝɨ ɢɫɫɥɟɞɨɜɚɧɢɹ ɭɫɬɚɧɨɜɥɟɧɨ, ɱɬɨ ɧɚɢɛɨɥɟɟ ɪɚɰɢɨɧɚɥɶɧɵɦɢ ɡɧɚɱɟɧɢɹɦ ɭɝɥɨɜ Ȗ ɢ ȕ ɥɟɦɟɲɧɨɝɨ ɜɢɛɪɚɰɢɨɧɧɨɝɨ
ɜɵɤɚɩɵɜɚɸɳɟɝɨ ɪɚɛɨɱɟɝɨ ɨɪɝɚɧɚ, ɩɪɢ ɤɨɬɨɪɵɯ ɨɛɟɫɩɟɱɢɜɚɟɬɫɹ ɨɩɬɢɦɚɥɶɧɚɹ ɫɤɨɪɨɫɬɶ ɟɝɨ ɩɨɫɬɭɩɚɬɟɥɶɧɨɝɨ ɞɜɢɠɟɧɢɹ ɢ ɢɡɜɥɟɱɟɧɢɟ ɤɨɪɧɟɩɥɨɞɨɜ ɫɚɯɚɪɧɨɣ ɫɜɟɤɥɵ ɢɡ
ɩɨɱɜɵ ɛɟɡ ɩɨɜɪɟɠɞɟɧɢɹ, ɫɥɟɞɭɟɬ ɫɱɢɬɚɬɶ Ȗ = 13…16°,
ȕ = 20…30°. ɇɚ ɨɫɧɨɜɟ ɩɨɥɭɱɟɧɧɵɯ ɞɚɧɧɵɯ ɚɧɚɥɢɬɢɱɟɫɤɢɯ ɢɫɫɥɟɞɨɜɚɧɢɣ ɫɩɪɨɟɤɬɢɪɨɜɚɧɵ ɧɨɜɵɟ ɜɢɛɪɚɰɢɨɧɧɵɟ ɜɵɤɚɩɵɜɚɸɳɢɟ ɪɚɛɨɱɢɟ ɨɪɝɚɧɵ ɞɥɹ ɤɨɪɧɟɩɥɨɞɨɜ
ɫɚɯɚɪɧɨɣ ɫɜɟɤɥɵ, ɧɚ ɤɨɬɨɪɵɟ ɩɨɥɭɱɟɧɵ ɩɚɬɟɧɬɵ ɍɤɪɚɢɧɵ
ɧɚ ɢɡɨɛɪɟɬɟɧɢɹ.
Ʉɥɸɱɟɜɵɟ ɫɥɨɜɚ: ɥɟɦɟɲɧɵɣ ɜɢɛɪɚɰɢɨɧɧɵɣ ɜɵɤɚɩɵɜɚɸɳɢɣ ɪɚɛɨɱɢɣ ɨɪɝɚɧ, ɤɨɪɧɟɩɥɨɞɵ ɫɚɯɚɪɧɨɣ ɫɜɟɤɥɵ, ɦɚɬɟɦɚɬɢɱɟɫɤɨɟ ɦɨɞɟɥɢɪɨɜɚɧɢɟ, ɞɢɮɮɟɪɟɧɰɢɚɥɶɧɵɟ ɭɪɚɜɧɟɧɢɹ, ɪɟɲɟɧɢɟ ɧɚ ɉɗȼɆ.
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