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Aim. The elaboration of the theory of the impact of the vibrational digging-out working tool on the body of
the beetroot, attached to the soil, and the substantiation of the rational kinematic and constructive parameters
of the advanced vibrational digging-out working tool on the basis of the results obtained. Methods. The main
provisions of advanced mathematics and theoretical mechanics were used, in particular, the general theory of
mechanical impact and the oscillation theory. The equation systems obtained were solved using PC and the
elaborated programme. Results. The main provisions of the theory of the impact of the digging-out working
tool on the beetroot while extracting the latter from the soil were elaborated. The mathematical model of the
impact interaction of the digging-out working tool and the body of the beetroot, attached to the soil, during
the vibrational digging-out of sugar beets was created. The equations, describing the mentioned process, were
used as a basis for the impact impulse and the impact force; the conditions of not damaging the beetroot during
the impact were established. The analytic expression for the determination of the allowed frequency of vibrations of the working vibrational digging-out tool with the consideration of its constructive parameters and the
translational motion was obtained. The estimates, obtained using PC calculations, allow designing advanced
working vibrational digging-out tools to harvest sugar beets, taking the condition of avoiding damage to the
root into account. Conclusions. The analytic expression for the determination of the allowed frequency of
vibrations of the vibrational digging-out working tool, taking into account its constructive parameters and the
translational motion, was obtained taking the condition of avoiding damage to the root into consideration. The
algorithm and the PC analysis programme for the allowed frequency of oscillations of the vibrational diggingout working tool with the consideration of no damage to the beetroot during the impact interaction were elaborated. Numerous PC estimates demonstrated that on condition of the mentioned weight of the working tool of
m = 1.0 kg the allowed frequency, at which there is no damage to the beetroot, should not exceed v = 10.0 hertz
(with the oscillation amplitude of a = 0.015 m and the maximum depth of the digging-out working tool in the
soil of h = 0.1 m). Here the translational motion should be in the range of 1.3 … 2.2 m/s. The obtained results
of the theoretical research allow designing advanced vibrational digging-out working tools to harvest sugar
beets without damaging them.
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INTRODUCTION
Nowadays harvesting sugar beets is commonly conducted using vibrational digging-out working tools,
mounted on beetroot harvesters, manufactured in many

countries of the world. This way of extracting beetroots
from soil has a number of advantages compared to other methods, due to which this technological process of
harvesting beetroots requires more thorough research
and further improvement for the elaboration of new
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digging-out working tools. It presupposes providing
the required conditions of operation, the reduction of
energy consumption and the increase in the quality of
process implementation. As for beetroot harvesters, the
main condition is the quality of digging-out beetroots
from soil, i. e. their non-damage (no breaks in the tail
part, no cuts, cleaves or extensive damage to the side
surface) and losses (in soil or on its surface).
It is absolutely obvious that there is a probability of
some damage to the beetroots and their losses during
the direct interaction of the digging-out working tools
with the beetroots, located in the soil (actually attached
thereto). It is especially true regarding the vibrational
digging-out working tools in the drought conditions
of harvesting. Therefore, there is a need of theoretical
research on the impact interaction of the vibrational
digging-out working tool and the beetroot, attached to
the soil, to use the results obtained as a basis for the
estimation of kinematic and constructive parameters
of the advanced working tool, ensuring non-damaging
process of digging-out beetroots from the soil.
The theoretical research on the vibrational process of
digging-out the beetroots from soil was described in
[1–7]. However, the mentioned works do not present
the analytic research on the impact of the vibrational
digging-out working tool on the body of the beetroot,
attached to the soil. Only the authors of [8, 9] presented some experimental data, obtained while studying
the impact interaction of the impact tester on the beet
crown. The analysis of foreign publications [15–18]
yielded additional evidence to the fact that the quality
indices of sugar beet harvesting are paid suf¿cient attention.
The aim of this article is to elaborate the theory of the
impact of the vibrational digging-out working tool on
the body of the beetroot, attached to the soil, and the
substantiation of the rational kinematic and constructive parameters of the advanced vibrational diggingout working tools on the basis of the results obtained.
MATERIALS AND METHODS

digging out from the soil. Due to the oscillations of the
digging-out plough shares in the longitudinal vertical
area and the translational motion, when the vibrational
digging-out working tool approaches the sugar beetroot there is practically no accumulation of the loose
soil between the shares and the beetroot. Thus, the ¿rst
contact of the digging-out shares and the side surface
of the beetroot is direct or at least via rather a thin soil
layer. Therefore, when the shares of the vibrational
digging-out working tool approach the beetroot, there
is an impulse, characterized by a considerable impact
impulse.
As the impact impulse has its ¿nal value (and acts
during a very short period of time), the impact force
will have a substantial value, greatly exceeding the
values of all the other forces, currently inÀuencing the
beetroot. Taking into consideration the fact that the
beetroot is still rather ¿rmly attached to the soil, there
is a risk of its being broken or cut due to the impact
(which is very frequent during harvesting especially on
condition of considerable hardness of the soil and its
decreased humidity).
Since during the run-over of the vibrational diggingout working tool on the beetroot there is some remaining unloose soil in its lower part (the lower part of the
beetroot is actually attached to the soil layer), this soil
plays the role of an elastic or viscous buffer (depending on the mechanical composition and humidity of
the soil in this layer). Thus, it is absolutely evident that
the harder and drier the soil is, the more accurate the
abovementioned foregrounds are, and the more adequate they are to the actual process of the impact of
the digging-out working tool while interacting with the
beetroot, located in the soil.
As the break in the tail part of the beetroot or its cut
are the most probable events for the impact interaction,
which is always observed in the actual harvesting, especially when the beetroot is located in hard and dry
soil, this case of the attachment of the beetroot to the
soil should be studied.

The physical process of the impact of the diggingout working tool on the beetroot during the vibrational

Firstly, there is a need of elaborating the equivalent
scheme of the impact interaction of the vibrational
digging-out working tool and the body of the beetroot when the working tool runs over the beetroot. For
this purpose let us present the vibrational digging-out
working tool as two pickers (the share-type diggingout working tool consists of two digging-out planes)
A1B1C1 and A2B2C2, each of them having a slope in the
dimension with the angles of Į, ȕ, Ȗ, which are positioned in such a way as to form a working passage, nar-
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The main provisions of advanced mathematics and
theoretical mechanics were used, in particular, the general theory of mechanical impact and the oscillation theory. The equation systems obtained were solved using
PC and the composed programme.
RESULTS AND DISCUSSION
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Fig. 1. The equivalent scheme of the impact interaction of the vibrational digging-out working tool and the body of the beetroot, attached to the soil

rowing towards its end (Fig. 1). The mentioned pickers
make oscillational motion in the longitudinal vertical
area; the direction of the translational motion of the vibrational digging-out working tool is indicated with the
asterisk.
We assume that the impact interaction of the beetroot,
approximated with a cone-like body, and the surfaces
of both pickers A1B1C1, thus A2B2C2 occurs in points
K1 and K2 respectively. The impact contact may occur
either directly or through a very thin soil layer between
the surfaces of pickers and the beetroot.
The analytical description of the impact process requires selecting a system of coordinates. Let us connect the vibrational digging-out working tool and the
AGRICULTURAL SCIENCE AND PRACTICE Vol. 2 No. 2 2015

¿xed Cartesian coordinate system Oxyz, the centre Ɉ
of which is located in the middle of the narrowed Àow
of the working tool, axis Ox coincides with the direction of its translational motion, axis Oz is directed upwards, and axis Oy is directed towards the right side of
the working tool (Fig. 1). Let us demonstrate the forces, occurring due to the interaction of the vibrational
digging-out working tool and the body of the beetroot
(Fig. 1).
It will be assumed that a vertical disturbing force
impacts the beetroot from the side of the vibrational
digging-out working tool and changes according to the
harmonic law of the following kind:
Qdf. = Hsin Ȧt,

(1)
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where H – the amplitude of the disturbing force, ɇ;
Ȧ – the frequency of this force, sí1.
The disturbing force Qdf. is applied to the beetroot
from two sides, therefore at the equivalent scheme it is
presented by two constituents Qdf.1 and Qdf.2, applied in
points K1 and K2 respectively at a distance of h from the
surface of the non-loose soil layer, whereto the beetroot
is attached.
Since the grab of the beetroot by the digging-out
shares is conducted from two sides (in points K1 and
K2), the following ratio is true:
Qdf.1 = Qdf.2 = 1/2HsinȦt.

(2)

In addition, the vibrational digging-out working tool
has a translational motion towards the axis Ox, so there
are also driving forces P1 and P2, applied in points K1
and K2 respectively in the direction of this axis Ox.
In addition, the points of contact K1 and K2 also have
friction forces FK1 and FK2, counteracting the slipping
motion of the beetroot along the working surfaces of
the pickers A1B1C1 and A2B2C2 of the digging-out working tool. The gravity centre of the beetroot (point ɋ)
has the force of the weight of the beetroot Gk. The forces of the attachment of the beetroot and the soil in the
direction of axes Ox and Oz are indicated as Rxand Rz
respectively. Finally, during the force impact upon the
beetroot from the side of the vibrational digging-out
working tool there are force impulses Sn1 and Sn2, which
are also applied in points K1 and K2, respectively, and
Sn1 = Sn2. These force impulses are directed along normal lines towards the working surfaces of the shares,
i.e. planes A1B1C1 and A2B2C2 respectively.
In addition, there are tangent force impulses SĲ1 and
SĲ2 along the surface of the pickers, and SĲ1 = SĲ2. According to Routh hypothesis, the relation between the
values of the tangent and normal force impulses is formulated similar to Coulomb’s friction law, namely [11]:
(3)
SĲ  f Sn
where f is a dynamic coef¿cient, characterizing the
properties of the surfaces of the encountering objects
(generally this coef¿cient may not coincide with the
friction coef¿cient at continuous relative slipping of
objects).
The inequality sign is related to the ratio where the
tangent impulse is so low that there is no slipping of
objects. The equality sign is required only for slipping
objects in this ratio.

respectively, and constituents E1 and E2, parallel to
straight lines A1C1 and A2C2 respectively (Fig. 1).
Thus, we have:
SĲ1 = Fi + Ei, (i = 1, 2)

(4)

It is evident that the angle ȥ between the constituent
Ei and vector SĲi (i = 1, 2) in the ¿rst approximation
depends on the ratio Vdf./Vtm. In addition, this way the
presented vectors SĲ1 and SĲ2 allow further ¿nding their
projections on the axes Ox and Oy.
As the vibrational digging-out working tool has simultaneous translational motion towards the axis Ɉɯ
and oscillating motion towards the axis Ɉz, it is evident
that the force impulses Sn1 and Sn2 can always be divided into constituents along the axes Ɉɯ and Ɉz.
As the beetroot has a cone-line body, the vertical constituent of the force impulse will be actually absent during the motion of the vibrational digging-out working
tool downward. In this case the force impulse will occur only from the translational motion of the diggingout working tool.
Let’s follow the oscillating motion of the vibrational
digging-out working tool in a ¿ner detail. Let’s assume that ¿rstly the digging-out working tool moves
upwards from its lower position “–a” to its higher position “a” (where a – the amplitude of oscillations of
the working tool), and then, vice versa, it moves downward from the higher position “a” to the lower position “– a”. Therefore, the oscillations of the vibrational
digging-out working tool should occur according to the
harmonic law zk = –acosȦt, where zk are the deviations
of the working tool from the horizontal axis, around
which the oscillations take place, and Ȧ is the frequency of oscillations of the working tool.
Then the linear velocity Vdf. of the translational motion of the vibrational digging-out working tool at any
moment t will be Vdf. = aȦsinȦt, with the maximum
value of Vdf.max = aȦ.
Thus, it is necessary to study the force interaction,
at which the force impulse will have the maximum
value, i. e. when the planes of the vibrational diggingout working tool move upwards with the maximal force
while running over the beetroot Vdf.max.

Let’s divide impulses SĲ1 and SĲ2 into constituents F1
and F2, perpendicular to straight lines A1C1 and A2C2

As all the forces, presented in Fig. 1, have their ¿nal
values, at the time of the impact the impulses of all
these forces should be close to zero. Only force impulses Sn1 and Sn2 have non-zero values, and it is evident
that Sn1 = Sn2 (the impact is symmetrical).
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For further research let’s apply the principle of momentum during the impact [12]:
m(U – V) = Sn1 + Sn2 + SĲ1 + SĲ2,

Here
(6)

where Vtm is the velocity of the translational motion of
the working tool; Vdf.max is the maximal velocity of the
oscillational motion of the working tool.
The vector of the translational motion Vtm of the
digging-out working tool is directed along the axis
Ɉɯ, and the vector of the velocity of the oscillation
motion of the working tool Vdf.max – along the axis Ɉz.
Taking into account (3), the vector equation (5) will
be as follows:
m(U – V) = Sn1 + Sn2 + fSn1 + fSn2.

(7)

Let’s write the vector equation (7) in the projections
on the axis of the Cartesian system of coordinates
Ɉɯɭz.
As the impact here is actually symmetrical regarding
the plane ɯɈz, the vector equation (7) comes down to
the system of two equations – in the projections on the
axes Ɉɯ and Ɉz.
Let’s de¿ne the required projections of the vector
which are a part of the equation (7).
It is evident that
Vx = Vtm.

(13)

(5)

where V is the velocity of the digging-out working tool
prior to the impact; U is the velocity of the working
tool after the impact; m is the weight of the working
tool.
V = Vtm + Vdf.max,

According to [13] we have:

(8)

As the vectors Sn1 and Sn2 are directed along the normal lines towards the surface of the pickers, then, according to [13], we shall have:

In addition,
E1z = E2z = 0,

(14)

F1x = F2x = F1sinį = SĲ1sinȥsinį.

(15)

The relation between the velocity of the working tool
prior and after the impact is expressed by the restoration coef¿cient İ [12], namely:
Un = İVn,

(16)

where Un is the projection of the velocity of the working tool after the impact on the normal line towards the
surface of the picker; Vn is the projection of the velocity
of the working tool prior to the impact on the normal
line towards the surface of the picker.
As U = Ux + Uz and V = Vtm + Vdf.max, then, taking into
consideration [13], we shall have
(17)
and
(18)
Taking the equations (17) and (18) into (16), we shall
have the following ratio:
UxtgȖ + Uztgȕ = –İ(VtmtgȖ + Vdf.maxtgȕ).

(19)

Taking into consideration the equations (8)–(15), the
vector equation (7) together with the equation (19) is reduced to the following system of three linear equations:

(20)

(9)
As seen from the data in Fig. 1, the projections of the
vectors E1, E2 and F1, F2 on the axis Ox shall equal
E1x = E2x = E1cosȖ = SĲ1cosȥcosȖ,

(10)

F1x = F2x = F1cosįsinȖ = SĲ1sinȥcosįsinȖ.

(11)

Solving the system of linear equations (20) by Kramer’s method, we have:

It is also evident that
Vz = Vdf.max.

(12)
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Therefore, we de¿ne a normal component of the
impact impulse, occurring at the impact interaction
of one of the digging-out pickers of the vibrational
digging-out working tool and the beetroot, attached
to the soil. The equation (21) states the functional dependence of the normal component Sn1 of the impact
impulse on constructive and kinematic parameters of
the vibrational digging-out working tool of the beet
harvester.

Taking the equations (23)í(25) into consideration,
one may write the value of the force projection Fb. on
the axes Ɉɯ and Ɉz respectively:

The sign “–” in the equation (21) means that the impact impulse Sn1 acts from the side of the beetroot on
the working tool. The impact impulse, acting from the
side of the working tool on the beetroot, is positive and
has the same value.

where
the value of Sn1 is de¿ned according to the equation
(21) with the obligatory positive sign.

Let’s de¿ne the total impact impulse from the side
of the digging-out working tool on the beetroot (from
both digging-out pickers) as S, then
S = Sn1 + Sn2 + SĲ1 + SĲ2

(22)

so, as seen from equations of the system (20), its projections on the axes Ɉɯ and Ɉz will be:
(23)

(24)
where Sn1 is de¿ned according to the equation (21) with
obligatory positive sign.
Let’s further de¿ne the value of the impact force,
since the majority of the indices of the physical and
mechanical characteristics of the sugar beets are related to the efforts, acting on the beetroot from the
side of the digging-out working tool.
As a rule, the law of variation of the impact force is
unknown, but it is clear that during a short period of
time tb. this force increases from zero to the maximal
value and then decreases to zero again. As described
in [12], the maximal value of the impact force will be
approximately twice as much as its average value for
the time period tb..
Since S = Fb.av.tb., where S – impact impulse; Fb.av. í
average value of the impact force; tb. – time of the impact, then Fb.av. = S/tb. and, consequently:
Fb. = 2Fb.av.= 2S/tb.,

(25)

(26)

(27)

The duration of the impact tb. can be de¿ned only by
experiments. According to [9], tb. § 0.6·10–2 s.
Let’s further consider the conditions of avoiding
damage to the beetroot during its impact interaction
with the digging-out working tool.
If the beetroot, attached to the soil, is viewed as a
hammer beam, by the action of the impact force Fb.x the
beetroot will have the deformation of the curve, and
by the action of the impact force Fb.x – the elongation
strain. Therefore, exceeding the allowed values of the
mentioned forces may lead to the breaking of the beetroot or its cut. As indicated above, it is more possible
when the soil is dry and hard. If the soil is wet and
soft, it is most probable that the beetroot will bend at
some angle towards the horizon by the action of the
horizontal effort and the beetroot will be dug out of
the soil by the action of the vertical effort. If the impact takes place in points K1 and K2 at a distance of h
from the non-loose soil layer (Fig. 1), the moment of
the horizontal component of the impact force regarding
this surface Mo1(Fb.x) = Fb.x h taking into consideration
the equation (26) will equal:
(28)
The consideration of the conditions of avoiding
damage to the beetroot by the action of the horizontal
force Fb.x has two theoretical variants: the ¿rst one í
[Mb.m.] < Mm.r. and the second one í [Mb.m.] > Mm.r., where
[Mb.m.] is possible bending moment for the body of the
beetroot, when there is no breaking of the latter; Mm.r. –
the moment of resistance of the non-loose soil, whereto
the beetroot is attached.

where Fb. – maximal value of the impact force.

Since the equality conditions always have the equation Mm.r. = Mo1(Fb.x), in further inequations Mm.r. will
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mean such a maximal (potential) moment of resistance,
which can provide the connection (i. e. the soil where
the beetroot is attached) without breaking the latter.
The ¿rst case will be more characteristic for dry and
hard soil, and the second one – for wet and soft soil.
The condition of avoiding damage to the beetroot in
the ¿rst case will be the inequation Mo1(Fb.x)  [Mb.m.] <
< Mm.r. or, considering the equation (28):

(32)
Let’s take into consideration the condition of avoiding damage to the beetroot (29) and the condition of
not cutting it (31) during the impact interaction of the
digging-out working tool and the beetroot and de¿ne
the limitations of the velocity of the translational motion of the digging-out working tool. For this purpose
we take equation (29) and get:

(29)
In the second case the breaking of the beetroot will
be the least probable as its bending towards some angle
is possible.
The beetroot will not have any bending and will not
break on condition of Mo1(Fb.x)  Mm.r. < [Mb.m.] or taking
into consideration the equation (28):

and using the equation (31) we will get:
(34)
Let’s introduce the following legend for convenience
and restriction of the expression of further equations:

(30)
The consideration of the conditions of avoiding damage to the beetroot by the action of the vertical impact force Fb.z also has two theoretical variants: the
¿rst one í [Fq.] < Rz and the second one í [Fq.] >
> Rz, where [Fq.] – the force, allowed for the body
of the beetroot, when the latter does not break;
Rz – the vertical force of the connection between the
beetroot and the soil. Here Rz would mean the maximal (potential) force of the connection which may
provide the latter without breaking it.
The ¿rst case will be also more characteristic for
dry and hard soil, and the second one – for wet and
soft soil.
The condition of avoiding damage to the beetroot in
the ¿rst case will be the inequation Fb.z  [Fq.] < Rz or,
considering the equation (27):
(31)
The break in the beetroot is also less probable for
the second variant. It is possible to dig the beetroot out
without breaking it.
The beetroot will not be dug out from the soil on the
following condition:
AGRICULTURAL SCIENCE AND PRACTICE Vol. 2 No. 2 2015

(36)

Then the equations (21), (33) and (34) will be as follows:
Sn1 = C(VtmtgȖ + Vdf.maxtgȕ),

(38)

Sn1  A,

(39)

Sn1  B,

(40)

the equation (21) here has a positive sign.
It is evident that the inequations (39) and (40) will be
unequivocally met with the following inequation:
Sn1  min {A, B}.

(41)

Using the equation (38) we will get:
VtmtgȖ + Vdf.maxtgȕ = Sn1/C.

(42)
15
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Finally, using (41) we will get the following inequation:
VtmtgȖ + Vdf.maxtgȕ  min {A, B}/C.

(43)

Therefore, we have found some restrictions of the velocity of the vibrational digging-out working tool taking into consideration its constructive parameters and
weight as well as the hardness of the beetroot and the
restoration coef¿cient for the impact.
As the velocity of the digging-out working tool (the
velocity of the beet harvester) has its inÀuence on its
performance, let’s consider a case when the equation
(43) has the equal sign. If we specify the translational
motion of the velocity Vtm of the digging-out working tool (the beet harvester), the equation (43) may be
used to ¿nd the value of the maximal velocity Vdf.max of
the oscillational motion of the vibrational digging-out
working tool:
Vdf.max = 1/tgȕ(min {A, B}/C – VtmtgȖ).

(44)

Then the equation Vdf.max = aȦ may be used to de¿ne
(with the speci¿ed amplitude a) the required frequency
Ȧ of the oscillations of the digging-out working tool.
Since the probability of the beetroot breaking is much
higher than its cut, we will assume that min {A, B} = A.
Therefore, taking into account the conditions of avoiding damage to the beetroot, the circle frequency Ȧ of
the oscillations will equal
(45)
To perform numeric calculations, we will de¿ne the
frequency of oscillations of the vibrational digging-out
working tool in hertz. It is equal
(46)

out working tool, namely the angles Ȗ and ȕ to
be specified (Fig. 1). According to the engineering documentation for the vibrational digging-out working tool of the plough share type,
the values of the specified angles will be: Ȗ =
= 14 ɨ…15 ɨ, ȕ = 50 ɨ…55 ɨ. The equation [14] was
used to define the two-edged angle į between the
working surface of the share and the lower base į =
= arctg(cosȕ/sinȕcosȖ). The dynamic coefficient for
the friction of steel against the surface of the beetroot will be specified according to [8]: f = 0.45. The
angle ȥ = 45 ɨ corresponds to its average value. The
distance from the point K 1 of the impact contact to
the lower edge of the share (actually to the nonloose soil layer) is h = 0.05 m. We will accept the
coefficient of restoration for the impact as জ = 0.72.
The allowed bending moment [Mb.m.] will be de¿ned in the following way. If z is the running depth
of the vibrational digging-out working tool in the
soil, there is an evident probability of the break in
the body of the beetroot at this very depth, since being at the depth which exceeds z, the body of the
beetroot is in denser non-loose soil, and as for the
depth, less than z, the cross section of the beetroot
is higher, since the body of the beetroot is conelike. Here the diameter dk of the cross section of the
beetroot body at the depth of z will be de¿ned using the equation dk = Dk – 2z·tgȖk, where Dk – beetroot diameter, m; Ȗk – angle of the cone ratio of the
beetroot, degrees. Then, as known from the course
of material resistance, [Mb.m.] = [ı]d·(ʌdk/32), where
[ı]d – temporary resistance of the bend of the beetroot with the dynamic load, Pa. Taking the previous
ratio into consideration, we will get the ¿nal value
[Mb.m.]: [Mb.m.] = [ı]d·(ʌ(Dk – 2z·tgȖk)3/32).
According to [8], Dk = 67 … 122 mm (accepting
Dk = 100 mm); Ȗk = 9 … 18 ɨ (accepting Ȗk = 15 ɨ);
[ı]d = 1.15Â106 Pa.

We will consider the parameters of the threeedged plough shares of the vibrational digging-

Then we should define the weight of the working tool, applied to the impact point. The approximate set of the values of the mentioned weights
may be determined using the equation (46),
specifying the intervals of amplitudes and the
oscillation frequencies of the digging-out working tool and the velocity of its translational motion (these data may be obtained from the results
of experimental research). Then the value of the
mentioned weight m, received as a function m =
= m (v, V tm) from the frequency v of oscillations of

16

AGRICULTURAL SCIENCE AND PRACTICE Vol. 2 No. 2 2015

Then we will use the elaborated theory to build the
algorithm of calculations of the allowed frequency v of
the oscillations of the vibrational digging-out working
tool depending on the velocity Vtm of its translational
motion and the amplitude a of oscillations for different levels of running depth h in the soil. First of all we
have to specify the values of several parameters of the
equation (46).
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Fig. 2. The surface (a) and the contour plot (b) of the values of the allowed frequency of the oscillations
of the vibrational digging-out working tool, v = v (Vtm, a) in hertz, on condition of avoiding damage to the
beetroot
the digging-out working tool and Vtm the velocity of
its translational motion, will be deemed equal m =
= 0.8...1.0 kg. The values of coefficients A and C
are found using the equations (35) and (37). To get
specific values of the parameters we will define the
allowed frequency v of the oscillations of the vibrational digging-out working tool as a function v = v
(V tm, a) for the conditions of avoiding damage to
the beetroot body. According to the program, composed for PC, there were some numeric calculations, which allowed building a chart and a contour
plot (for the specified weight m = 1.0 of kg and the
depth of h = 0.1 m of the run of the vibrational digging-out working tool in the soil) for the values of
the allowed frequency of its oscillations v (Fig. 2).
As seen from the presented charts the increase in
the velocity of the translational motion and the amplitude of the oscillations of the vibrational diggingout working tool leads to the decrease in the value of
the allowed frequency of the oscillations. The tendency towards the decrease in the allowed frequency
of the oscillations is also traced with the increase in
the running depth of the digging-out working tool in
the soil.

of the oscillations of the vibrational digging-out working tool, taking into account the conditions of avoiding damage to the tail part of the beetroot during the
impact interaction and the conditions of obligatory seizure of each beetroot by the working tool for the range
of translational motion velocity of 1.3...2.2 m/s: – for
the mentioned weight of the digging-out working tool
of m = 0.8 kg: at the running depth in the soil of h =
= 0.08 m and the amplitude of oscillations of a =
= 0.008...0.024 m the allowed frequency of oscillations
is v = 21.2 hertz; at the running depth in the soil of h =
= 0.10 m – v = 10.0 hertz; at the running depth in the
soil of h = 0.12 m – v = 9.0 hertz;
– for the mentioned weight of the digging-out
working tool of m = 1.0 kg: at the running depth in the
soil of h = 0.08 m and the amplitude of oscillations of
a = 0.008...0.024 m the allowed frequency of oscillations is v = 16.4 hertz; at the running depth in the
soil of h = 0.10 m and the amplitude of oscillations of
a = 0.008...0.018 m – v = 10.0 hertz; at the amplitude of oscillations of a = 0.020...0.024 m – v = 8.3
hertz;

Numeric calculations, performed using PC, allowed
recommending the values of the allowed frequencies

– for the mentioned weight of the digging-out working tool of m = 1.5 kg: at the running depth in the soil
of h = 0.08 m and the amplitude of oscillations of
a = 0.008...0.024 m the allowed frequency of oscil-
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lations is v = 10.0 hertz; at the running depth in the
soil of h = 0.10 m and the amplitude of oscillations of
a = 0.008...0.010 m – v = 10.0 hertz; at the amplitude of
oscillations of a = 0.012 m – v = 8.0 hertz;

Ɍɟɨɪɟɬɢɱɧɟ ɞɨɫɥɿɞɠɟɧɧɹ ɭɞɚɪɭ ɜɢɤɨɩɭɜɚɥɶɧɨɝɨ
ɪɨɛɨɱɨɝɨ ɨɪɝɚɧɚ ɩɨ ɤɨɪɟɧɟɩɥɨɞɭ ɛɭɪɹɤɚ
ɩɪɢ ɣɨɝɨ ɜɿɛɪɚɰɿɣɧɨɦɭ ɜɢɥɭɱɟɧɧɿ ɡ ɝɪɭɧɬɭ

– for the mentioned weight of the digging-out working tool of m = 2.0 kg: at the running depth in the soil
of h = 0.08 m and the amplitude of oscillations of
a = 0.008...0.016 m, the allowed frequency of oscillations is v = 10.0 hertz; at the amplitude of oscillations
of a = 0.018...0.020 m – the allowed frequency of oscillations of v = 8.10 hertz.

e-mail: vbulgakov@meta.ua; adamchukvv@mail.ru
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ɇɚɰɿɨɧɚɥɶɧɢɣ ɭɧɿɜɟɪɫɢɬɟɬ ɛɿɨɪɟɫɭɪɫɿɜ ɿ
ɩɪɢɪɨɞɨɤɨɪɢɫɬɭɜɚɧɧɹ ɍɤɪɚʀɧɢ
ȼɭɥ. Ƚɟɪɨʀɜ Ɉɛɨɪɨɧɢ, 15, Ʉɢʀɜ, ɍɤɪɚʀɧɚ, 03041
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ȼɭɥ. ȼɨɤɡɚɥɶɧɚ, 11, Ƚɥɟɜɚɯɚ-1, ȼɚɫɢɥɶɤɿɜɫɶɤɢɣ ɪ-ɧ,
Ʉɢʀɜɫɶɤɚ ɨɛɥ., ɍɤɪɚʀɧɚ, 08631
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The obtained results of the theoretical research
allow designing advanced vibrational digging-out
working tools to harvest sugar beets without damaging them.

Ɇɟɬɚ. ɋɬɜɨɪɢɬɢ ɬɟɨɪɿɸ ɭɞɚɪɭ ɜɿɛɪɚɰɿɣɧɨɝɨ ɜɢɤɨɩɭɜɚɥɶɧɨɝɨ ɪɨɛɨɱɨɝɨ ɨɪɝɚɧɚ ɩɨ ɬɿɥɭ ɤɨɪɟɧɟɩɥɨɞɚ ɛɭɪɹɤɚ, ɡɚɤɪɿɩɥɟɧɨɝɨ ɜ ɝɪɭɧɬɿ, ɿ ɧɚ ɨɫɧɨɜɿ ɨɬɪɢɦɚɧɢɯ ɪɟɡɭɥɶɬɚɬɿɜ
ɨɛɝɪɭɧɬɭɜɚɬɢ ɪɚɰɿɨɧɚɥɶɧɿ ɤɿɧɟɦɚɬɢɱɧɿ ɿ ɤɨɧɫɬɪɭɤɬɢɜɧɿ
ɩɚɪɚɦɟɬɪɢ ɭɞɨɫɤɨɧɚɥɟɧɢɯ ɜɿɛɪɚɰɿɣɧɢɯ ɜɢɤɨɩɭɜɚɥɶɧɢɯ
ɪɨɛɨɱɢɯ ɨɪɝɚɧɿɜ. Ɇɟɬɨɞɢ. ȼɢɤɨɪɢɫɬɚɧɨ ɨɫɧɨɜɧɿ ɩɨɥɨɠɟɧɧɹ ɜɢɳɨʀ ɦɚɬɟɦɚɬɢɤɢ ɿ ɬɟɨɪɟɬɢɱɧɨʀ ɦɟɯɚɧɿɤɢ, ɡɨɤɪɟɦɚ, ɡɚɝɚɥɶɧɭ ɬɟɨɪɿɸ ɦɟɯɚɧɿɱɧɨɝɨ ɭɞɚɪɭ ɿ ɬɟɨɪɿɸ ɤɨɥɢɜɚɧɶ.
Ɉɞɟɪɠɚɧɿ ɫɢɫɬɟɦɢ ɪɿɜɧɹɧɶ ɜɢɪɿɲɟɧɨ ɿɡ ɡɚɫɬɨɫɭɜɚɧɧɹɦ
ɉȿɈɆ ɡɚ ɫɤɥɚɞɟɧɨɸ ɩɪɨɝɪɚɦɨɸ. Ɋɟɡɭɥɶɬɚɬɢ. Ɋɨɡɪɨɛɥɟɧɨ
ɨɫɧɨɜɧɿ ɩɨɥɨɠɟɧɧɹ ɬɟɨɪɿʀ ɭɞɚɪɭ ɜɢɤɨɩɭɜɚɥɶɧɨɝɨ ɪɨɛɨɱɨɝɨ ɨɪɝɚɧɚ ɡ ɤɨɪɟɧɟɩɥɨɞɨɦ ɛɭɪɹɤɚ ɩɪɢ ɣɨɝɨ ɜɢɤɨɩɭɜɚɧɧɿ ɡ
ɝɪɭɧɬɭ. ɋɬɜɨɪɟɧɨ ɦɚɬɟɦɚɬɢɱɧɭ ɦɨɞɟɥɶ ɭɞɚɪɧɨʀ ɜɡɚɽɦɨɞɿʀ
ɜɢɤɨɩɭɜɚɥɶɧɨɝɨ ɪɨɛɨɱɨɝɨ ɨɪɝɚɧɚ ɡ ɬɿɥɨɦ ɤɨɪɟɧɟɩɥɨɞɚ,
ɡɚɤɪɿɩɥɟɧɨɝɨ ɜ ɝɪɭɧɬɿ, ɩɪɢ ɜɿɛɪɚɰɿɣɧɨɦɭ ɜɢɤɨɩɭɜɚɧɧɿ
ɰɭɤɪɨɜɨɝɨ ɛɭɪɹɤɚ. ɇɚ ɨɫɧɨɜɿ ɪɿɜɧɹɧɶ, ɹɤɿ ɨɩɢɫɭɸɬɶ ɡɚɡɧɚɱɟɧɢɣ ɩɪɨɰɟɫ, ɜɢɜɟɞɟɧɨ ɮɨɪɦɭɥɢ ɞɥɹ ɭɞɚɪɧɨɝɨ ɿɦɩɭɥɶɫɭ ɿ ɭɞɚɪɧɨʀ ɫɢɥɢ, ɚ ɬɚɤɨɠ ɡɧɚɣɞɟɧɨ ɭɦɨɜɢ ɧɟɩɨɲɤɨɞɠɟɧɧɹ ɤɨɪɟɧɟɩɥɨɞɿɜ ɛɭɪɹɤɚ ɩɪɢ ɭɞɚɪɿ. Ɉɬɪɢɦɚɧɨ
ɚɧɚɥɿɬɢɱɧɢɣ ɜɢɪɚɡ ɞɥɹ ɜɢɡɧɚɱɟɧɧɹ ɞɨɩɭɫɬɢɦɨʀ ɱɚɫɬɨɬɢ
ɤɨɥɢɜɚɧɶ ɜɿɛɪɚɰɿɣɧɨɝɨ ɜɢɤɨɩɭɜɚɥɶɧɨɝɨ ɪɨɛɨɱɨɝɨ ɨɪɝɚɧɚ
ɡ ɭɪɚɯɭɜɚɧɧɹɦ ɣɨɝɨ ɤɨɧɫɬɪɭɤɬɢɜɧɢɯ ɩɚɪɚɦɟɬɪɿɜ ɿ ɩɨɫɬɭɩɚɥɶɧɨʀ ɲɜɢɞɤɨɫɬɿ ɪɭɯɭ. ɉɪɨɜɟɞɟɧɿ ɨɛɱɢɫɥɟɧɧɹ ɧɚ
ɉȿɈɆ ɞɨɡɜɨɥɹɸɬɶ ɩɪɨɟɤɬɭɜɚɬɢ ɭɞɨɫɤɨɧɚɥɟɧɿ ɜɿɛɪɚɰɿɣɧɿ
ɜɢɤɨɩɭɜɚɥɶɧɿ ɪɨɛɨɱɿ ɨɪɝɚɧɢ ɞɥɹ ɡɛɢɪɚɧɧɹ ɤɨɪɟɧɟɩɥɨɞɿɜ
ɰɭɤɪɨɜɨɝɨ ɛɭɪɹɤɚ ɜɢɯɨɞɹɱɢ ɡ ɭɦɨɜ ʀɯɧɶɨɝɨ ɧɟɩɨɲɤɨɞɠɟɧɧɹ. ȼɢɫɧɨɜɤɢ. Ɂ ɭɦɨɜ ɧɟɩɨɲɤɨɞɠɟɧɧɹ ɤɨɪɟɧɟɩɥɨɞɿɜ
ɛɭɪɹɤɚ ɨɞɟɪɠɚɧɨ ɚɧɚɥɿɬɢɱɧɢɣ ɜɢɪɚɡ ɞɥɹ ɜɢɡɧɚɱɟɧɧɹ ɞɨɩɭɫɬɢɦɨʀ ɱɚɫɬɨɬɢ ɤɨɥɢɜɚɧɶ ɜɿɛɪɚɰɿɣɧɨɝɨ ɜɢɤɨɩɭɜɚɥɶɧɨɝɨ
ɪɨɛɨɱɨɝɨ ɨɪɝɚɧɚ ɡ ɭɪɚɯɭɜɚɧɧɹɦ ɣɨɝɨ ɤɨɧɫɬɪɭɤɬɢɜɧɢɯ
ɩɚɪɚɦɟɬɪɿɜ ɿ ɩɨɫɬɭɩɚɥɶɧɨʀ ɲɜɢɞɤɨɫɬɿ ɪɭɯɭ. Ɋɨɡɪɨɛɥɟɧɨ
ɚɥɝɨɪɢɬɦ ɿ ɩɪɨɝɪɚɦɭ ɨɛɱɢɫɥɟɧɶ ɧɚ ɉȿɈɆ ɞɨɩɭɫɬɢɦɨʀ
ɱɚɫɬɨɬɢ ɤɨɥɢɜɚɧɶ ɜɿɛɪɚɰɿɣɧɨɝɨ ɜɢɤɨɩɭɜɚɥɶɧɨɝɨ ɪɨɛɨɱɨɝɨ
ɨɪɝɚɧɚ ɡ ɭɪɚɯɭɜɚɧɧɹɦ ɧɟɨɛɥɚɦɭɜɚɧɧɹ ɤɨɪɟɧɟɩɥɨɞɿɜ ɛɭɪɹɤɚ ɩɪɢ ɭɞɚɪɧɿɣ ɜɡɚɽɦɨɞɿʀ. Ɂɞɿɣɫɧɟɧɿ ɧɚ ɉȿɈɆ ɱɢɫɟɥɶɧɿ
ɪɨɡɪɚɯɭɧɤɢ ɩɨɤɚɡɚɥɢ, ɳɨ ɩɪɢ ɡɜɟɞɟɧɿɣ ɦɚɫɿ ɪɨɛɨɱɨɝɨ
ɨɪɝɚɧɚ m = 1.0 ɤɝ ɞɨɩɭɫɬɢɦɚ ɱɚɫɬɨɬɚ, ɡɚ ɹɤɨʀ ɧɟ ɜɿɞɛɭɜɚɽɬɶɫɹ ɨɛɥɚɦɭɜɚɧɧɹ ɤɨɪɟɧɟɩɥɨɞɚ, ɧɟ ɩɨɜɢɧɧɚ ɩɟɪɟɜɢɳɭɜɚɬɢ v = 10.0 Ƚɰ (ɡɚ ɚɦɩɥɿɬɭɞɢ ɤɨɥɢɜɚɧɶ a = 0.015 ɦ
ɿ ɝɥɢɛɢɧɢ ɯɨɞɭ ɜ ɝɪɭɧɬɿ ɜɢɤɨɩɭɜɚɥɶɧɨɝɨ ɪɨɛɨɱɨɝɨ ɨɪɝɚɧɚ
h = 0.1 ɦ). ɉɪɢ ɰɶɨɦɭ ɩɨɫɬɭɩɚɥɶɧɚ ɲɜɢɞɤɿɫɬɶ ɪɭɯɭ ɦɚɽ
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We have elaborated the theory of the impact of
the vibrational digging-out working tool on the
beetroot during the extraction of the latter from the
soil.
The results of our research allowed building a mathematical model, presenting suf¿cient analytical description of the impact contact of the digging-out plough
share, oscillating in the longitudinal-vertical plane, and
the body of the sugar beetroot.
Based on the elaborated equation of the impact interaction we de¿ned the impact impulse and the maximal
impact force, occurring during this interaction.
The conditions of avoiding damage to the beetroot
were used to obtain the analytic expression for the determination of the allowed frequency of vibrations of
the vibrational digging-up working tool, taking into
account its constructive parameters and the translational motion.
The algorithm and the PC analysis programme for
the allowed frequency of oscillations of the vibrational digging-out working tool with the consideration of
avoiding any damage to the beetroot during the impact interaction were elaborated. Numerous PC estimates demonstrated that on condition of the mentioned
weight of the working tool of m = 1.0 kg the allowed
frequency, at which there is no damage of the beetroot,
should not exceed v = 10.0 hertz (with the oscillation
amplitude of a = 0.015 m and the maximum depth of
the working digging-out tool in the soil of h = 0.1 m).
Here the translational motion velocity should be in the
range of 1.3 … 2.2 m/s.

THEORETICAL RESEARCH OF THE IMPACT OF THE DIGGING-OUT WORKING TOOL ON THE BEETROOT
ɛɭɬɢ ɜ ɦɟɠɚɯ 1,3 … 2,2 ɦ/ɫ. Ɉɬɪɢɦɚɧɿ ɪɟɡɭɥɶɬɚɬɢ ɬɟɨɪɟɬɢɱɧɢɯ ɞɨɫɥɿɞɠɟɧɶ ɞɚɸɬɶ ɦɨɠɥɢɜɿɫɬɶ ɩɪɨɟɤɬɭɜɚɬɢ
ɭɞɨɫɤɨɧɚɥɟɧɿ ɜɿɛɪɚɰɿɣɧɿ ɜɢɤɨɩɭɜɚɥɶɧɿ ɪɨɛɨɱɿ ɨɪɝɚɧɢ ɞɥɹ
ɡɛɢɪɚɧɧɹ ɤɨɪɟɧɟɩɥɨɞɿɜ ɰɭɤɪɨɜɨɝɨ ɛɭɪɹɤɚ, ɜɢɯɨɞɹɱɢ ɡ
ɭɦɨɜ ʀɯɧɶɨɝɨ ɧɟɩɨɲɤɨɞɠɟɧɧɹ.
Ʉɥɸɱɨɜɿ ɫɥɨɜɚ: ɤɨɪɟɧɟɩɥɿɞ, ɜɢɤɨɩɭɜɚɧɧɹ, ɭɞɚɪɧɢɣ ɿɦɩɭɥɶɫ, ɱɚɫɬɨɬɚ, ɚɦɩɥɿɬɭɞɚ.
Ɍɟɨɪɟɬɢɱɟɫɤɨɟ ɢɫɫɥɟɞɨɜɚɧɢɟ ɭɞɚɪɚ ɜɵɤɚɩɵɜɚɸɳɟɝɨ
ɪɚɛɨɱɟɝɨ ɨɪɝɚɧɚ ɩɨ ɤɨɪɧɟɩɥɨɞɭ ɫɜɟɤɥɵ
ɩɪɢ ɟɝɨ ɜɢɛɪɚɰɢɨɧɧɨɦ ɢɡɜɥɟɱɟɧɢɢ ɢɡ ɩɨɱɜɵ
ȼ. Ɇ. Ȼɭɥɝɚɤɨɜ 1, ɂ. ȼ. Ƚɨɥɨɜɚɱ 1, ȼ. ȼ. Ⱥɞɚɦɱɭɤ 2
e-mail: vbulgakov@meta.ua; adamchukvv@mail.ru
ɇɚɰɢɨɧɚɥɶɧɵɣ ɭɧɢɜɟɪɫɢɬɟɬ ɛɢɨɪɟɫɭɪɫɨɜ ɢ
ɩɪɢɪɨɞɨɩɨɥɶɡɨɜɚɧɢɹ ɍɤɪɚɢɧɵ
ɍɥ. Ƚɟɪɨɟɜ Ɉɛɨɪɨɧɵ, 15, Ʉɢɟɜ, ɍɤɪɚɢɧɚ, 03041
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ɇɚɰɢɨɧɚɥɶɧɵɣ ɧɚɭɱɧɵɣ ɰɟɧɬɪ “ɂɆɗɋɏ” ɇȺȺɇɍ
ɍɥ. ȼɨɤɡɚɥɶɧɚɹ, 11, Ƚɥɟɜɚɯɚ-1, ȼɚɫɢɥɶɤɨɜɫɤɢɣ ɪ-ɧ,
Ʉɢɟɜɫɤɚɹ ɨɛɥ., ɍɤɪɚɢɧɚ, 08631
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ɐɟɥɶ. ɋɨɡɞɚɬɶ ɬɟɨɪɢɸ ɭɞɚɪɚ ɜɢɛɪɚɰɢɨɧɧɨɝɨ ɜɵɤɚɩɵɜɚɸɳɟɝɨ ɪɚɛɨɱɟɝɨ ɨɪɝɚɧɚ ɩɨ ɬɟɥɭ ɤɨɪɧɟɩɥɨɞɚ ɫɜɟɤɥɵ,
ɡɚɤɪɟɩɥɟɧɧɨɝɨ ɜ ɩɨɱɜɟ, ɢ ɧɚ ɨɫɧɨɜɟ ɩɨɥɭɱɟɧɧɵɯ ɪɟɡɭɥɶɬɚɬɨɜ ɨɛɨɫɧɨɜɚɬɶ ɪɚɰɢɨɧɚɥɶɧɵɟ ɤɢɧɟɦɚɬɢɱɟɫɤɢɟ ɢ
ɤɨɧɫɬɪɭɤɬɢɜɧɵɟ ɩɚɪɚɦɟɬɪɵ ɭɫɨɜɟɪɲɟɧɫɬɜɨɜɚɧɧɵɯ ɜɢɛɪɚɰɢɨɧɧɵɯ ɜɵɤɚɩɵɜɚɸɳɢɯ ɪɚɛɨɱɢɯ ɨɪɝɚɧɨɜ. Ɇɟɬɨɞɵ.
ɂɫɩɨɥɶɡɨɜɚɧɵ ɨɫɧɨɜɧɵɟ ɩɨɥɨɠɟɧɢɹ ɜɵɫɲɟɣ ɦɚɬɟɦɚɬɢɤɢ
ɢ ɬɟɨɪɟɬɢɱɟɫɤɨɣ ɦɟɯɚɧɢɤɢ, ɜ ɱɚɫɬɧɨɫɬɢ, ɨɛɳɚɹ ɬɟɨɪɢɹ
ɦɟɯɚɧɢɱɟɫɤɨɝɨ ɭɞɚɪɚ ɢ ɬɟɨɪɢɹ ɤɨɥɟɛɚɧɢɣ. ɉɨɥɭɱɟɧɧɵɟ
ɫɢɫɬɟɦɵ ɭɪɚɜɧɟɧɢɣ ɪɟɲɟɧɵ ɫ ɢɫɩɨɥɶɡɨɜɚɧɢɟɦ ɉɗȼɆ
ɩɨ ɫɨɫɬɚɜɥɟɧɧɨɣ ɩɪɨɝɪɚɦɦɟ. Ɋɟɡɭɥɶɬɚɬɵ. Ɋɚɡɪɚɛɨɬɚɧɵ
ɨɫɧɨɜɧɵɟ ɩɨɥɨɠɟɧɢɹ ɬɟɨɪɢɢ ɭɞɚɪɚ ɜɵɤɚɩɵɜɚɸɳɟɝɨ ɪɚɛɨɱɟɝɨ ɨɪɝɚɧɚ ɫ ɤɨɪɧɟɩɥɨɞɨɦ ɫɜɟɤɥɵ ɩɪɢ ɟɝɨ ɜɵɤɚɩɵɜɚɧɢɢ ɢɡ ɩɨɱɜɵ. ɋɨɡɞɚɧɚ ɦɚɬɟɦɚɬɢɱɟɫɤɚɹ ɦɨɞɟɥɶ ɭɞɚɪɧɨɝɨ
ɜɡɚɢɦɨɞɟɣɫɬɜɢɹ ɜɵɤɚɩɵɜɚɸɳɟɝɨ ɪɚɛɨɱɟɝɨ ɨɪɝɚɧɚ ɫ ɬɟɥɨɦ ɤɨɪɧɟɩɥɨɞɚ, ɡɚɤɪɟɩɥɟɧɧɨɝɨ ɜ ɩɨɱɜɟ, ɩɪɢ ɜɢɛɪɚɰɢɨɧɧɨɦ ɜɵɤɚɩɵɜɚɧɢɢ ɫɚɯɚɪɧɨɣ ɫɜɟɤɥɵ. ɇɚ ɨɫɧɨɜɚɧɢɢ
ɭɪɚɜɧɟɧɢɣ, ɨɩɢɫɵɜɚɸɳɢɯ ɭɤɚɡɚɧɧɵɣ ɩɪɨɰɟɫɫ, ɜɵɜɟɞɟɧɵ
ɮɨɪɦɭɥɵ ɞɥɹ ɭɞɚɪɧɨɝɨ ɢɦɩɭɥɶɫɚ ɢ ɭɞɚɪɧɨɣ ɫɢɥɵ, ɚ ɬɚɤɠɟ
ɧɚɣɞɟɧɵ ɭɫɥɨɜɢɹ ɧɟɩɨɜɪɟɠɞɟɧɢɹ ɤɨɪɧɟɩɥɨɞɨɜ ɫɜɟɤɥɵ
ɩɪɢ ɭɞɚɪɟ. ɉɨɥɭɱɟɧɨ ɚɧɚɥɢɬɢɱɟɫɤɨɟ ɜɵɪɚɠɟɧɢɟ ɞɥɹ
ɨɩɪɟɞɟɥɟɧɢɹ ɞɨɩɭɫɬɢɦɨɣ ɱɚɫɬɨɬɵ ɤɨɥɟɛɚɧɢɣ ɜɢɛɪɚɰɢɨɧɧɨɝɨ ɜɵɤɚɩɵɜɚɸɳɟɝɨ ɪɚɛɨɱɟɝɨ ɨɪɝɚɧɚ ɫ ɭɱɟɬɨɦ ɟɝɨ
ɤɨɧɫɬɪɭɤɬɢɜɧɵɯ ɩɚɪɚɦɟɬɪɨɜ ɢ ɩɨɫɬɭɩɚɬɟɥɶɧɨɣ ɫɤɨɪɨɫɬɢ
ɞɜɢɠɟɧɢɹ. ɉɪɨɜɟɞɟɧɧɵɟ ɪɚɫɱɟɬɵ ɧɚ ɉɗȼɆ ɩɨɡɜɨɥɹɸɬ
ɩɪɨɟɤɬɢɪɨɜɚɬɶ ɭɫɨɜɟɪɲɟɧɫɬɜɨɜɚɧɧɵɟ ɜɢɛɪɚɰɢɨɧɧɵɟ ɜɵɤɚɩɵɜɚɸɳɢɟ ɪɚɛɨɱɢɟ ɨɪɝɚɧɵ ɞɥɹ ɭɛɨɪɤɢ ɤɨɪɧɟɩɥɨɞɨɜ
ɫɚɯɚɪɧɨɣ ɫɜɟɤɥɵ ɢɫɯɨɞɹ ɢɡ ɭɫɥɨɜɢɣ ɢɯ ɧɟɩɨɜɪɟɠɞɟɧɢɹ.
ȼɵɜɨɞɵ. ɂɡ ɭɫɥɨɜɢɣ ɧɟɩɨɜɪɟɠɞɟɧɢɹ ɤɨɪɧɟɩɥɨɞɨɜ ɫɜɟɤɥɵ ɩɨɥɭɱɟɧɨ ɚɧɚɥɢɬɢɱɟɫɤɨɟ ɜɵɪɚɠɟɧɢɟ ɞɥɹ ɨɩɪɟɞɟɥɟɧɢɹ
ɞɨɩɭɫɬɢɦɨɣ ɱɚɫɬɨɬɵ ɤɨɥɟɛɚɧɢɣ ɜɢɛɪɚɰɢɨɧɧɨɝɨ ɜɵɤɚɩɵɜɚɸɳɟɝɨ ɪɚɛɨɱɟɝɨ ɨɪɝɚɧɚ ɫ ɭɱɟɬɨɦ ɟɝɨ ɤɨɧɫɬɪɭɤɬɢɜɧɵɯ
ɩɚɪɚɦɟɬɪɨɜ ɢ ɩɨɫɬɭɩɚɬɟɥɶɧɨɣ ɫɤɨɪɨɫɬɢ ɞɜɢɠɟɧɢɹ. Ɋɚɡɪɚɛɨɬɚɧɵ ɚɥɝɨɪɢɬɦ ɢ ɩɪɨɝɪɚɦɦɚ ɪɚɫɱɟɬɨɜ ɧɚ ɉɗȼɆ
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ɞɨɩɭɫɬɢɦɨɣ ɱɚɫɬɨɬɵ ɤɨɥɟɛɚɧɢɣ ɜɢɛɪɚɰɢɨɧɧɨɝɨ ɜɵɤɚɩɵɜɚɸɳɟɝɨ ɪɚɛɨɱɟɝɨ ɨɪɝɚɧɚ ɫ ɭɱɟɬɨɦ ɧɟɨɛɥɚɦɵɜɚɧɢɹ ɤɨɪɧɟɩɥɨɞɨɜ ɫɜɟɤɥɵ ɩɪɢ ɭɞɚɪɧɨɦ ɜɡɚɢɦɨɞɟɣɫɬɜɢɢ. Ɉɫɭɳɟɫɬɜɥɟɧɧɵɟ ɧɚ ɉɗȼɆ ɱɢɫɥɟɧɧɵɟ ɪɚɫɱɟɬɵ ɩɨɤɚɡɚɥɢ,
ɱɬɨ ɩɪɢ ɩɪɢɜɟɞɟɧɧɨɣ ɦɚɫɫɟ ɪɚɛɨɱɟɝɨ ɨɪɝɚɧɚ m = 1.0 ɤɝ
ɞɨɩɭɫɬɢɦɚɹ ɱɚɫɬɨɬɚ, ɩɪɢ ɤɨɬɨɪɨɣ ɧɟ ɩɪɨɢɫɯɨɞɢɬ ɨɛɥɚɦɵɜɚɧɢɹ ɤɨɪɧɟɩɥɨɞɚ, ɧɟ ɞɨɥɠɧɚ ɩɪɟɜɵɲɚɬɶ v = 10.0 Ƚɰ
(ɩɪɢ ɚɦɩɥɢɬɭɞɟ ɤɨɥɟɛɚɧɢɣ a = 0.015 ɦ ɢ ɝɥɭɛɢɧɟ ɯɨɞɚ
ɜ ɩɨɱɜɟ ɜɵɤɚɩɵɜɚɸɳɟɝɨ ɪɚɛɨɱɟɝɨ ɨɪɝɚɧɚ h = 0.1 ɦ).
ɉɪɢ ɷɬɨɦ ɩɨɫɬɭɩɚɬɟɥɶɧɚɹ ɫɤɨɪɨɫɬɶ ɞɜɢɠɟɧɢɹ ɞɨɥɠɧɚ
ɛɵɬɶ ɜ ɩɪɟɞɟɥɚɯ 1,3 … 2,2 ɦ/ɫ. ɉɨɥɭɱɟɧɧɵɟ ɪɟɡɭɥɶɬɚɬɵ
ɬɟɨɪɟɬɢɱɟɫɤɢɯ ɢɫɫɥɟɞɨɜɚɧɢɣ ɩɨɡɜɨɥɹɸɬ ɩɪɨɟɤɬɢɪɨɜɚɬɶ
ɭɫɨɜɟɪɲɟɧɫɬɜɨɜɚɧɧɵɟ ɜɢɛɪɚɰɢɨɧɧɵɟ ɜɵɤɚɩɵɜɚɸɳɢɟ ɪɚɛɨɱɢɟ ɨɪɝɚɧɵ ɞɥɹ ɭɛɨɪɤɢ ɤɨɪɧɟɩɥɨɞɨɜ ɫɚɯɚɪɧɨɣ ɫɜɟɤɥɵ
ɢɫɯɨɞɹ ɢɡ ɭɫɥɨɜɢɣ ɢɯ ɧɟɩɨɜɪɟɠɞɟɧɢɹ.
Ʉɥɸɱɟɜɵɟ ɫɥɨɜɚ: ɤɨɪɧɟɩɥɨɞ, ɜɵɤɚɩɵɜɚɧɢɟ, ɭɞɚɪɧɵɣ
ɢɦɩɭɥɶɫ, ɱɚɫɬɨɬɚ, ɚɦɩɥɢɬɭɞɚ.
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