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Construction of the working surfaces of the tillage screw body
from the compartments of the developable helicoid

Abstract. Improvement of the screw working bodies for surface tillage is important for increasing the efficiency and
quality of agricultural work. The purpose of the work was to calculate the design of the screw a working body for the surface
cultivation of the soil from the compartment of the developable helicoid, which would perform the technological process
with minimal resistance to plunging in the soil. The surface theory, analytical, and differential geometry were used to design
the working body. It is shown in the paper that through a given spiral line, which is the cutting edge of the surface (blade),
it is possible to draw developable helicoids with different inclinations of rectilinear generators. Designing the surface
for the best plunging into the soil is important. It is established that the proposed working body is an alternative to the
existing disc-type tools. It has been proven that for a long time, spherical discs for surface cultivation of the soil were fixed
on a common shaft, which was installed on the unit with a certain angle between its axis and the direction of movement
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Construction of the working surfaces of the tillage screw body...

of the unit, which contributed to the plunging of the discs in the soil. It is confirmed that the disc-type tillage implements
were improved, but this complicated the design of the unit since each disc received an individual axis of rotation. Studies
have shown that this made it possible to additionally set the roll angle, that is, the deviation of the plane of the disc blade
from the vertical direction, which improved the plunging of the disc in the soil and ensured more effective turning and
mixing of plant residues. The proposed screw working body combines the simplicity of the design of the common shaft
and the presence of the angle of attack and roll, which confirms its effectiveness in comparison with existing analogs. The
necessary calculations were made, and the surfaces of the right and left courses were constructed with the designation of the
necessary structural parameters. The application of the obtained results can simplify the design of the soil processing unit

Keywords: attack angle; sharpening angle; surface step; screw parameter; ridges; soil profile

INTRODUCTION

Improvement of the tillage screw body can significantly
increase the efficiency and quality of surface tillage. Tra-
ditional disc tools have their limitations, while screw-type
working bodies, in particular developable helicoids, offer an
alternative that allows for a more uniform finish with char-
acteristic crests and troughs. The developable helicoid has a
shape that contributes to easier plunging in the soil, which
reduces resistance and facilitates work. In addition, the pre-
cise calculation of the flat workpiece for the manufacture of
coils ensures high accuracy and efficiency in the production
of these tools. All these factors contribute to increasing the
productivity and quality of agricultural work, which is key
to ensuring stable and efficient agricultural production.

The influence of operational factors of agricultural ma-
chinery on its technical condition was studied in detail by
L. Semenenko et al. (2021). The authors established that in
90% of cases, increasing the durability and wear resistance
of the working bodies of tillage machines is implemented
by technological methods. S. Mudarisov et al. (2019) noted
that there is a global trend toward the formation of a new
agricultural strategy, the basis of which is the implementa-
tion of modern innovative soil cultivation technologies us-
ing the latest combined units. K. Aikins et al. (2020) applied
the discrete element method to the design and optimiza-
tion of tillage implements. The dependence of the soil till-
age efficiency on the geometric and structural characteris-
tics of the working bodies and their setting was established.
The approach proposed by the authors makes it possible to
improve existing soil cultivation technologies, including
by reducing the energy intensity of the process, which cor-
responds to modern principles of sustainable agriculture.

Existing methods of processing the surface of the
field before sowing, as noted by E. Zykin et al. (2022), are
implemented by various agricultural machines, which
are equipped with working bodies in the form of rotating
spherical disks. But the problem of high-quality soil culti-
vation by such working bodies that meet the quality crite-
ria remains unsolved.

R. Abdrakhmanov et al. (2023) give a detailed analysis
of the structures of the disk working organs. The authors
note that the main disadvantage of all structures is slippage
when interacting with the soil, which significantly reduces
the quality of soil cultivation. To eliminate this shortcom-
ing, the authors propose a new design of the tillage disc.

V. Zubko et al. (2021) claim that field cultivation al-
lows to solve important agrotechnical tasks: destruction of
weeds, pests, and pathogens of plant diseases; preservation
and increase of moisture reserves in the soil; activation of
microorganisms; application of plant residues and mineral
fertilizers to the soil; ensuring the necessary conditions for
high-quality subsequent tillage of the soil. The analysis of
the received data made it possible to determine the param-
eters of the movement speed of the soil tillage unit of the
existing design, the depth of cultivation, and the direction
of movement on the field, which allows performing disk
tillage in compliance with agrotechnical requirements.

The relative movement of particles on the inner rough
surface of the concave tillage disk, which rotates around
its axis under the action of the soil reaction force, is con-
sidered T. Volina et al. (2021). The expediency of equipping
such a disk with vertical radially mounted vanes has been
investigated. As noted by M. Amantayev et al. (2018) and
E. Zykin et al. (2020), the factors that significantly affect
the quality of disk tillage are the shape and size of the
disks, their placement on the frame and orientation in the
soil, the weight of the machine.

Spherical tillage discs for surface tillage have been
used for a long time. If earlier they were mounted on a
common shaft in the form of a battery, now each disk has
its own rotation node and individual attachment of the axis
of rotation to the frame (Rashidov et al., 2022). This allows
setting not only the angle of attack but also the angle of in-
clination concerning the vertical plane. This contributes to
a better movement of the soil along the surface of the disc
and improves its mixing, but complicates the construction
of the unit. The use of a screw surface can combine the ful-
fillment of the agrotechnical requirements of soil cultiva-
tion, the characteristic of units with individual fastening
of discs, and the simplicity of design characteristic of bat-
tery-type implements (Hevko et al., 2021). Therefore, screw
working bodies are an alternative to disc tools.

The work of S. Pylypaka et al. (2021) is the closest to
the conducted research. It considers the design of a screw
working body when using which the profile of the treated
soil has ridges and depressions, as well as when working
with the disk working bodies. In this article, theoretical cal-
culations were performed, the helical surface of the work-
ing body was constructed, and on their basis, the profile
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of the treated soil was obtained concerning structural and
technological parameters. It left out of consideration the
important issue of plunging the working body into the soil.
This issue has been studied for disc working bodies and
consists of the fact that when the tillage disc is buried in
the soil, it is necessary to eliminate the contact of its rear
surface with the soil environment. Otherwise, the disk will
try to roll to the surface, that is, its plunging will be un-
satisfactory. The same applies to screw working bodies. To
prevent such a possibility, there were conducted research
in this article. The purpose of the work was to calculate the
helical working surface of the working body for surface cul-
tivation of the soil with the available back angle to reduce
the resistance of plunging in the soil.

MATERIALS AND METHODS
Research methods were based on the theory of surfaces of
differential geometry. According to it, only helical ruled
surfaces are classified according to the position of the
rectilinear generator in relation to the axis of the surface
(intersecting or oblique, what is the angle between them).
The paper examined the compartment of the developable
helicoid (torso-helicoid) as the surface that is most suitable
both in terms of structural parameters and the technolo-

Kresan et al.

gy of manufacturing turns. They were obtained by bending
and stretching the sweep in the form of a flat ring along
the axis of the cylindrical shaft. The developable helicoid is
formed by a set of rectilinear generators tangent to the hel-
ical line, which for the formed surface is called the turning
edge. Based on the method of formation, the parametriza-
tion of the surface with a vertical axis has the form:

- p . . p
X=pcosa+u-—=——=sina;Y =psinatu cosa;
P Vp?+h? ! p —  Jp?+h? !

Z=hat uﬁ (1)
where q, u are variable parameters of the surface, « is the
angle of rotation of the point around the axis of the surface
during its movement to the current point on the helical
line, which is located on the cylinder of radius p; u is the
length of the rectilinear generator from the current point
on the helical line to the point on the surface; h is a con-
stant value (screw parameter) through which the step H of
the surface is determined: H=2 mh. The helical parameter
h is a constant value and does not depend on the radius r
of an arbitrary helical line on the surface. In Figures 1a, 1b,
frontal projections of the surface of the developable hel-
icoid were constructed according to equations (1) for the
upper and lower sign, respectively.

Figure 1. Developable helicoids formed by a set of rectilinear generators tangent to the helical line
Note: a, b) based on the right helical line with the upper and lower arrangement of rectilinear generators; c) based on the
left helical line with the arrangement of straight-line generators extended in opposite directions from the helical line; d)
surface with design parameters; R is the radius of the cylinder on which the helical line is located - the edge of the surface;
ris the radius of the cylinder on which an arbitrary helical line is located; H is the pitch of the surface; p is the radius of
the cylinder, on which the helical line is located - the turning point of the surface; ¢,, ¢, and ¢, are the elevation angle of
the helical line, which is the edge of the surface, an arbitrary helical surface line and the turning edge

Source: developed by the authors based on equations (1), (2)

The left part of the equations (1) of the surface of the
helicoid is the parametrization of the helical line (reverse
edge) located on the cylinder of radius p. The right parts in
front of the variable u are the projections of the unit base
vector of the generator. They are obtained by differenti-
ation of the left parts followed by their normalization to
a unit vector. The upper sign corresponds to the count of
the generator from the point on the spiral line up (Fig. 1a),
and the lower one — down (Fig. 1b). As the angle « in equa-
tions (1) increases, a helical line is formed as a trajectory
of a point in two movements: translational along the OZ
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axis upwards and rotational around the counterclockwise
axis (right-hand helical line). If the direction of rotation
is changed to the opposite, then the helical line will be
left-handed. The parametrization of the surface based on
it had the form:

X =pcosa$u\lﬁsina; Y=—psina$u\/ﬁcosa;
h
ZzhaiuW. (2)

The two surfaces corresponding to the upper and low-
er signs in equations (2) are shown in Figure 1c. Since the
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Construction of the working surfaces of the tillage screw body...

rectilinear generators going up and down from the point of
contact have a common direction, two surface cavities are
formed. Despite the similarity of the surfaces for the right
and left helical lines, there is a difference between them:
the visible side of one surface is invisible for the other and
vice versa.

The helical line (edge of return) is given by two con-
stant values: the radius p of the cylinder on which the edge
of return is located, and the step H=2mh. Through p and h,
the angle ¢, of the rise of the turning edge is determined:

teby = . 3)

A section of the helicoid was cut out by coaxial cylin-
ders at a certain distance from the return edge. The lines of
intersection of these cylinders with the helicoid were also
helical lines of the same pitch H but with a different an-
gle of elevation. It was determined by the formula (3) when
substituting the radius of the corresponding cylinder into
the denominator. As the radius of the cylinder increases,
the angle of elevation of the helical line decreases (Fig. 1d),
but the angle of inclination of the generating helicoid re-
mains constant and equal to the angle of elevation of the
return edge.

In equations (1), (2), the guiding curve was a spiral line
on a cylinder of radius p, which is a turning edge for the
surface. The surface of the helicoid torso passed through
other helical lines, including those with the radius of the

a)

cylinder R (Fig. 1d). Taking the helical line, which is the
outer edge of the compartment, as a base curve, the para-
metrization of the surface has changed slightly. The index
“R” was used to indicate the right spiral line in the equa-
tions, and the index “L” was used for the left one:

X, =R cosa+ul; X, =R cosa+ul;
Y, =Rsina+um;Y,=-R sino.-um,
Z,=ha+un; Z =ha+un, 4)

where [=1(a), m=m(a), n=n(e) are direction cosines of the
rectilinear generating surface. They had to be such as to
ensure the contact of rectilinear generators with the edge
of the turn.

The set of rectilinear generators, drawn through a giv-
en helical line at an angle ¢ , had to be tangent to the turn-
ing edge — a helical line on a cylinder of radius p (Fig. 1d).
This means that on the horizontal projection, these gener-
ators were tangent to the circle of radius p. This approach
of surface formation was applied in the work of S. Pylypa-
ka et al. (2021). This research is its continuation.

RESULTS
Figure 2a shows a horizontal projection on which helical
lines are depicted by circles of radii R and p. At the current
value of the angle a, point A is taken on the given spiral line
through which straight lines tangent to the circle of radius
p are drawn. There are two such lines (Fig. 2a).

Figure 2. Graphical illustrations for determining the direction
of rectilinear generators of a helicoid that pass through a given helical line
Note: a) horizontal projection of a given helical line with rectilinear generators of a helicoid; b) axonometric image of
fragments of a given helical line and generating helicoid with its reverse edge; R is the radius of the cylinder on which the
helical line is located - the edge of the surface; p is the radius of the cylinder, on which the helical line is located - the
turning point of the surface; « is the current value of the angle, which is an independent variable; a,and a are values of
the angles a for the corresponding points; ¢ - the angle of elevation of the return rib; AB, and AB are projections of seg-
ment AB; y is the angle between the radial direction and segment AB; A, B, C, D, O are points; I — a fragment of a helical

line — the edge of the surface; 2 - a fragment of the reverse rib

Source: developed by the authors based on conducted research

To find their direction, it was necessary to know the
coordinates of points A, B, and C. They were recorded
through the current value of the corresponding angle:
A {Rcosa, Rsina}, B {pcosa,, psina,}, C {pcosa. psina}.
The angle y has a constant value: y = Arcsin(p/R). Using

the connections between the angles of right triangles, ex-
pressions for the required angles could be found: aB=a -
Arcsin(p/R) +11/2, o C=a + Arcsin(p/R) — /2. After that, the
coordinates of points B and C could be written as a function
of the current value of the angle a: B{pcos(Arccos(p/R) + a),

Machinery & Energetics. Vol. 15, No. 3

4



psin(Arccos(p/R) + o)}, C {psin(Arcsin(p/R) + @), —pcos(Arc-
sin(p/R) + @)}. Having the coordinates of points A, B, and
C, the lengths of the segments AB and AC can be found as
the distance between the coordinates of their endpoints.
The projections of these segments on the axis OX and OY
are the projections AB,, AB and AC,, AC (Fig. 2b shows the
projections for the segment AB):

AB, = %[(R2 —p*cosa+ pmsina]:
AB, = %[(R2 —p?)sina — p\/RZ — p? cos a];
AC, = %[(R2 —p?) cos a — py/RZ — p? sin a];
AC, = %[(R2 —p?)sina + pm cos a]. (5)

Segments AB and AC are equal, and their length can be
found by their projections:

AB = AC = \/;13,3 +AB2 = JAcg +ACZ = JRZ= 2. (6)

In Figure 2b the axonometry shows fragments of the
given helical line (marked with the number 1) and the edges
of the helicoid return (marked with the number 2), through
points A and D of which the generating surface passes. The
angle of inclination 9, of the rectilinear generator (segment
AD) can be determined from the right triangle ACD:

cD CcD

tgpp = ac Ny )

From expression (7), the length of the segment CD can
be found, which is also the projection of the base vector
of the rectilinear generating helicoid onto the axis OZ, i.e.
CD=CD,. According to the known projections of the seg-
ment AD {AC,, AC,, CD }, one can find the projections [, m,
n of the unit base vector of the rectilinear generating heli-
coid, parallel to the segment AD (Fig. 2b):

Kresan et al.

1= ”"i#(ipsina - JRZ—p? cosa);
m= %(ipcosa —JR% —p? sina);

n=tsing,. 8)

The two signs in expressions (8) correspond to the two
opposite directions of the rectilinear generator, the count
of which starts from a point on the given helical line. It
should be borne in mind that the radius p and the angle ¢,
are connected by the dependence (3), namely: p = hctgp,.
Taking this into account, the direction cosines (8) will be
finally written:

cos @
1=2%

— (?hctngp sina — |R? — h2ctg?g, cos a);

m= w;#(ihctg% cosa — fRZ — h2ctg?g, sin a) ;

n=zxsing,. C)]

i

The expressions of the direction cosines (9) include
three constant values: R and h, which specify the base
spiral line and the angle ¢ of the slope of the rectilinear
generators. It can be changed within certain limits, which
means that a set of developable helicoids can be drawn
through a given helical line. The maximum value of the
radius p can be equal to the radius r of the limiting shaft
(the case when the internal helical line is the turning edge),
and the minimum value can be greater than zero. For the
case when p=r from dependence (3): ¢, = Arctg(h/r). Thus,
Arctg(h/r)<p,<90°.

Figure 3 shows the frontal projections of the surfac-
es constructed according to equations (4) taking into ac-
count (9). Through the helical line of right-hand movement
(Fig. 3a, 3b, 3c), surfaces with different set angles of incli-
nation of the generators pass. Figure 3d is the same, but the
helical line is a left-hand line.

Figure 3. Helicoid torsos passing through a given helical line of the same right-hand and left-hand pitch
Note: a) right-hand course, rectilinear generators are directed downward, ¢, =17°; b) right-hand course, rectilinear gen-
erators are directed downward, ¢, =40°; c) right-hand course, rectilinear generators are directed upwards, ¢, =30°; d) left-
hand course, rectilinear generators are directed down and up, ¢, =17° and ¢, =40° H - pitch of helical lines, which is the

pitch of the surface

Source: developed by the authors based on conducted research

In Figure 3 compartments of helicoid torsos are lim-
ited by outer and inner helical lines. The external helical

Machinery & Energetics. Vol. 15, No. 3

line can be obtained from equations (4) at u=0. At another
constant value of the length of the rectilinear generator

\e_



Construction of the working surfaces of the tillage screw body...

u = const, an internal helical line will be obtained for the
value of the radius r. It is obvious that for all four compart-
ments of surfaces (Fig. 3) the value of parameter u will be
the same. On the horizontal projection, all four spiral lines

are projected by a circle of radius r, that is, it can be writ-
ten: Xz +YZ = r% By substituting the expressions X, and
Y, or X, and Y, into this equation, a quadratic equation is
obtained. Its solution concerning u gives the result:

—R(lcosa+msina) + \/Rz(l cosa+msina) — (12 + m?)(R? —m?)
u =
12 4+m? )

Substitution from (8) of the expressions of the base
vectors [ and m in (10) and further simplifications make it
possible to obtain a simple formula for finding u:

L S

cos g

(11)

The substitution in (11) of the dependence p = hctgp,
gives the final result:

JRz—hzctgz ¢p—Jr2—h2ctg2 bp
u= . (12)

cos pp

When r=R according to (12), u=0 will be obtained.
For other values of r, the value u will be obtained from the
interval r=p...R, at which the spiral line will correspond
to the value of the radius r. Disc working bodies are used
for surface tillage. For the disk to plunge into the soil, it is
placed at an angle of attack to the direction of movement
of the unit. If the surface of the helicoid is placed so that its
axis is horizontal, then under certain conditions it can also
be considered as a tillage body. In Figure 4a, the projections
show a developable helicoid with a cylindrical shaft, which

(10)

lies on the surface of the soil. The points of contact of the
external helical line with the soil surface are marked with
circles. The shaft is not shown on the horizontal projection
so that the angle ¢, at the points of contact can be marked.
By analogy with the disk working body, this angle can be
considered the angle of attack. If the surface of the heli-
coid is rolled across the field, its intensive plunging into
the soil will obstruct the back side of the surface, which in
Figure 4a is painted in light gray. To avoid this, the helicoid
should be turned by the angle , as shown in Figure 4b. If
the angle f was equal to the angle ¢ of the slope of the gen-
erators, then the angle ¢ (Fig. 4b) would be equal to zero.
However, to prevent the soil from being crushed by the
back side of the working surface, this angle (or back angle)
for disc working bodies, taking into account the angle of
sharpening the blade, should be equal to 3°-5° (Pylypaka et
al., 2021). In this study, a surface of zero thickness is con-
sidered, therefore it is assumed that ¢ > 5°. It can be more
accurately determined by taking into account the thickness
of the surface of the helicoid and the sharpening angle of
the cutting edge. Therefore, the angle of attack will be de-
termined by the sum of two angles: f=¢ +e.

Figure 4. Developable helicoid with a horizontal axis of rotation
Note: a) the horizontal axis of the helicoid is perpendicular to the direction of rolling; b) the horizontal axis of the hel-
icoid forms an angle of 90°- $ with the direction V of the aggregate movement; ¢, is the angle of elevation of the helical
line, which is the edge of the surface; R is the radius of the cylinder on which the helical line is located - the edge of the
surface; f is the angle between the axis of the helicoid and the direction perpendicular to the direction of movement of the
unit; V - direction of movement of the unit; ¢ — rear angle; b is the distance between ridges; c is the height of the ridges
Source: developed by the authors based on research
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With this orientation of the helicoid, the back side of
the surface is not visible on the frontal projection, unlike
the frontal projection in Figure 4a. This means that it will
not interfere with the plunging of the surface into the soil.
The surface was assumed to plunge into the soil until the
cylindrical shaft touched the field surface. The profile at the
border of treated and untreated soil (Fig. 4b) will be similar
to the profile after passing the disk working bodies. If it is
necessary to treat the soil to a depth of 0.1 m at R=0.25 m,
the radius of the cylindrical shaft should be r=0.15 m.

If one pulls the screw working body shown in Figure 4b
in the direction V of the unit’s movement, then it will be
plunging into the soil. As a result of the interaction with
the soil, a reaction force will arise, which will put pressure

Kresan et al.

on the working surface of the coil. The component of this
force will try to move the working body to the side perpen-
dicular to the direction of its movement. To balance this
moment of force, it is advisable to make the unit in the
form of two working bodies, as shown in Figure 5. The sur-
face of the second working body should have a turning edge
with the opposite direction of winding and the direction of
rectilinear generators, as shown in Figure 5. The cylindrical
shaft for the tool was chosen taking into account the spec-
ified depth and tillage of the soil. Also, with this option,
the height of the ridges ¢ and the distance b between the
ridges could be reduced. (Fig. 5, frontal projection). For the
ridges to be of the same height, the position of both helical
working bodies must be correctly coordinated.

———

TN

Figure 5. Soil tillage tool in projections, which consists of two screw working bodies
Note: horizontal and frontal projections; A is the angle between the axis of the helicoid and the direction perpendicular
to the direction of movement of the unit; V - direction of movement of the unit; ¢ — rear angle; a — depth of processing; b

is the distance between ridges; c is the height of the ridges
Source: developed by the authors based on research

Earlier it was said that the rotation angle g is deter-
mined from the expression: f=¢ +¢. The angle ¢ should be
as small as possible, but as noted, it cannot be less than 5°.
The question arises about the value of the angle ¢, since
the compactness of the tillage tool depends on the value
of the angle S. For this, the angle ¢, should also be taken
as small as possible, but such that the surface plunges into
the soil. It can be seen from formula (3) that the value of
the angle ¢, depends on the pitch of the helical line (edge
of the turn) and the radius p of the cylinder on which it
is located. At a constant step, the angle ¢, can be changed
by changing the radius p. The section of the surface locat-
ed between two coaxial cylinders will have the same pitch
as the turning edge, and the angle ¢ of the slope of the

generators will depend on the value of the radius p. There-
fore, through the given helical line, which was considered
the outer edge (blade) of the working helical surface, it is
possible to draw a whole set of helicoids with a different
angle ¢ of the inclination of the generators, which was
considered in the previous subsection.

Based on the obtained results, it is possible to proceed
with the construction of the working turns of the screw till-
age body with different angle ¢ of the inclination of the
rectilinear generating helicoid. For this, the original spiral
line — the cutting edge of the working surface - must be
specified. Let R=0.25 m. Step H was chosen taking into ac-
count the desired distance b between ridges. For one work-
ing surface at =0, H=b. When the surface is rotated by

Machinery & Energetics. Vol. 15, No. 3
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Construction of the working surfaces of the tillage screw body...

an angle g, the distance b will be slightly smaller than the
step H, namely: b=Hcosp =2 mhcosp (Fig. 6a). From here,
the helical parameter h of the helical line could have been
determined, but for this, the angle 8 needed to be known.
Since it is the sum of two angles f=¢ +¢, of which ¢, is still
unknown, in the first approximation it was assumed that
H=b. Considering that there will be two surfaces (Fig. 6),
the step can be doubled, i.e. H=2b. It was assumed that
b=0.2 m, then h=0.06 m. The depth of tillage was assumed
to be a=0.1 m. Then the radius r of the internal helical line
was determined as r=Ra=0.15 m. The angle of inclination
of the generating ¢, was taken as a minimum - ¢ = Arctg

q

(h/r)=22°. For this case = p,te= 27°. To construct the sur-
face according to equations (4), it is necessary to know the
limits of the change of the u parameter. It can be found
from expression (12): u=0.21 m. Therefore, the parame-
ter u varies within u=0...0.21, and the angle « depends on
the number of turns (for one turn «=0...360°). In Figure 6a,
based on the given data, the working turns of the surface
are constructed according to equations (4), in which one
output screw line is right-hand, and the other is left-hand.
The choice of the sign in expressions (9) — lower or upper —
determined the desired reference direction of the rectilin-
ear surface.
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Figure 6. Working surfaces of helicoids passing through right-hand

and left-hand helical lines with parameters R=0.25 m and h=0.06 m
Note: a) p =22°; 4=27°b=0.17m; b) ¢, =22°; f=35°; b=0.14 m; a — depth of processing; b is the distance between ridges;
c - ridge height; g is the angle between the axis of the helicoid and the direction perpendicular to the direction of move-
ment of the unit; V - direction of movement of the unit; ¢ - rear angle; H is the pitch of the surface

Source: developed by the authors based on research

Since the angle f is already known (8= 27°), the refined
value of the distance b between the ridges became known:
b=H/2=2 mthcosf/2=0.17 m. The construction of the im-
ages took place according to the specified dimensions in
scale; therefore, it is possible to estimate the lower profile
of the treated soil from the frontal projection in Figure 6a.
There are quite a lot of options for the received tillage tool.
For example, simply increase the angle of attack g without
changing other parameters. Figure 6b shows the diagram
of the tillage unit for the angle of attack g=35°. At the
same time, the distance between the ridges decreased to
b=0.14 m, but the height of the ridges did not change. The
length of the unit has increased somewhat. The angle ¢ also
increased from 5° to 13°, which is a positive consequence
of the increase in the angle of attack. The fact is that the
back side of the surface needs to be sharpened, as men-
tioned earlier. As a result, a narrow strip of the new surface

appeared. For a spherical disk, such a surface is a cone, for
a helicoid — another helicoid. This is also the rear surface,
which should not disturb the soil. To fulfill this condition,
an angle margin ¢ is required. However, it is possible to in-
crease the angle ¢ by increasing the angle g up to a certain
limit. An excessive increase in the angle of attack # can lead
to a decrease in the angular speed of rotation due to the
drag of the helical surface. The unit can be adjusted. The
range of changing the angle of attack g is quite wide - it can
reach up to 40° in disc peelers.

If at an angle of inclination of the generators 9,= 22°,
the plunging of the surface into the soil and its process-
ing occurs normally, then it can be preserved while main-
taining the angle of attack p=40°, while reducing the step
H. Accordingly, the helical parameter h and the minimum
value of the angle ¢, will decrease. However, the required
value of ¢ =22° was taken, not the minimum. At the same
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time, the value of the angle ¢ will not change either. There-
fore, the three parameters could be left unchanged, while
step H could be reduced (the distance b between the ridges
would also decrease). However, the decrease in step H led
to a decrease in the space between the turns, which can in-
terfere with the passage of soil lumps between them to the
point of jamming the inter-turn space with the soil. In ad-
dition, jamming can be facilitated by the solid structure of
the shaft, so it is necessary to make it lattice (Fig. 7). In this
case, the shaft will perform an additional rolling function.

Figure 7. Lattice shape of the shaft
Note: an axonometric image; a — depth of processing; b —
the distance between ridges; c is the height of the ridges
Source: developed by the authors based on conducted
research

An increase in the angle ¢, leads to a decrease in the
angle of elevation of the soil on the surface of the helicoid.
According to agrotechnical requirements, it is necessary to
ensure the mixing of the soil with harvest residues, which
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cannot be done without raising the soil to a great height.
This requirement can be provided by a decrease in the an-
gle of elevation of the soil, that is an increase in the an-
gle ¢, which makes it easier for the cut strip of soil to rise
along the surface of the helicoid. Of course, the increase in
the angle ¢ also has its limit and its rational value can be
found during the experiment.

Figure 8a shows the diagram of the tillage unit, which
differs from the unit in Figure 6b by the fact that the angle
¢,is increased to 35°. As a result, the angle ¢ became equal
to zero. In principle, such an option is possible if the edge is
sharpened not from the outer (back) side of the surface, but
from the inner (working) side, but this method of sharp-
ening is not practiced in disc-working bodies. The angle
could be increased from 35° to 40°, then the angle ¢=5°
would appear. Such a scheme of the unit is shown in Fig-
ure 8b. In addition, step H has also been increased. At the
same time, the angle between the edge of the surface and
the direction of entry V of the particle on the surface in-
creases (Fig. 8b). This contributes to a better plunging of
the surface into the soil. The best plunge would be if this
angle were straight, that is, the particle entered the surface
perpendicular to the blade (this applies to the lowest point
of the blade, as it approaches the surface of the field, this
angle will no longer be straight). For this, it is necessary
to increase the angle f: f=90° - ¢, = 90° - Arctg(h/R). For
example, for the unit, the scheme of which is shown in Fig-
ure 8b, the angle 8 should be 72°. It is obvious that at this
value of the angle p, the rotation of the helicoid around its
axis will become difficult or impossible.

Figure 8. Working surfaces of helicoids of different steps
with the same angle ¢ =35° of the inclination of rectilinear generators
Note: a) h=0.06 m; f=35°;¢=0; b=0.14 m; b) h=0.08 m; f=40°; ¢=5°;b=0.19 m
Source: developed by the authors based on conducted research
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Construction of the working surfaces of the tillage screw body...

On all diagrams of the tillage unit (Fig. 6, 8), the height
c of the ridges is practically the same, only the distance b
between the ridges differs. In general, the shape of the pro-
file of the cultivated soil is determined by the parameters
h and R of the external helical line (cutting edge) and the
angle  of its axis.

DISCUSSION

The experience of industrialized countries over the past
century in the issue of weed control has shown that the
main criteria for the decisions of manufacturers of till-
age machines are simplicity and convenience (Syromyat-
nikov, 2017). It is important to develop new non-chemical
methods of weed control due to the impact of herbicides
on human health and increasing the resistance of weeds
(Syromyatnikov, 2018). The European Union Commission
encourages member states to develop low-pesticide agri-
culture (Busari et al., 2015). The basis of this process is the
improvement of weed control machines. In this sense, re-
search on the improvement of working bodies for surface
treatment corresponds to modern trends in the develop-
ment of agricultural machines. The basis for the design of
tillage working bodies is the availability of their simple an-
alytical physical and mathematical models (Gheres, 2014;
Tesliuk et al., 2019), the development of which scientists
pay a lot of attention. Experimental studies play an im-
portant role in bringing the working bodies to the optimal
form so that agrotechnological requirements are met dur-
ing their work. However, analytical calculations play a big
role, which is demonstrated in the proposed article on the
provision of a back angle.

Tillage units are used for soil treatment. Working bod-
ies in contact with the ground can be those that are rigidly
attached to the frame (loosening paws, spring teeth) and
those that rotate around an axis (rolls, disk working bod-
ies). Tillage discs are used to grind and mix plant residues
with soil. Previously, they were mounted on a common
shaft, the axis of which made a certain angle to the direc-
tion of movement of the unit, that is the angle of attack.
Under the action of the unit’s weight, the discs plunged
into the ground and rotated under the action of reaction
forces from the side of the ground. Their common axis of
rotation remained parallel to the field surface during op-
eration. Recently, for better operation of discs, they are
arranged so that the axis of rotation of the disc additional-
ly makes a certain angle with the surface of the field, that
is, the roll angle. This requires an individual rotation unit
for each disk, which complicates the design. Research on
improving the performance of discs and improving their
shape is mainly conducted experimentally.

M. Klendii & O. Klendii (2016) developed an analyti-
cal model of a concave spherical disk placed in a three-di-
mensional coordinate system with a given direction of
movement of the unit. The model includes the design pa-
rameters of the disk and the depth of tillage. In addition,
the authors established a relationship between the angle
of attack and the roll of the disc for a given value of the

rear angle at the level of the field surface. In this work, for
the first time, calculations were made on how to combine
the angles of attack and roll and at the same time ensure
the presence of the rear angle. This is the similarity of the
research conducted in this article. The difference is that
instead of disc working bodies, a screw working body is
offered, which is fundamentally different from the disc
working body, but performs the same work. The profile of
cultivated soil is also similar: it consists of ridges and de-
pressions. It is also necessary to ensure the presence of a
back angle to prevent the working body from rolling out
onto the field surface, i.e. for better plunging in the soil.
However, the calculations are fundamentally different be-
cause the working bodies have different shapes.

Disc coulters are widely used for crushing plant resi-
dues on the surface of the field. There are four main types
of these discs: smooth, toothed, undulating, and wavy.
R. Magalhaes et al. (2007) emphasize the problems in the
operation of the existing designs of discs and the low ef-
ficiency of crushing plant residues. In the case of dry soil,
they require a high vertical load to penetrate it. In the case
of high soil moisture, the remains are pressed into the soil
without crushing them. R. Magalhaes et al. (2007) proposed
anew geometry of angled disc coulters, which allows crush-
ing plant residues on the field surface in any soil condition,
avoiding clogging and reducing traction force.

Analytical calculations also play a big role in this.
S. Krivoshapko & M. Rynkovskaya (2017) considered in
detail the types of helical ruled surfaces, including devel-
opable ones, for their practical application. The article
does not talk about working bodies for soil cultivation, al-
though the use of the surface of the developable helicoid
as a drill for digging pits is shown. This article is designed
to show the possibilities of designing helical surfaces and
the features of their shape. It lists five types of helical ruled
surfaces. It states that engineers know about straight and
oblique helicoids, which are non-developable. One of the
helicoids listed in this article is the developable one, which
was considered in current study for the design of a screw
tillage body.

The application of the developable helicoid as an al-
ternative to tillage discs is considered by S. Pylypaka et
al. (2021). It shows the use of the developable helicoid sur-
face as the working surface of the tillage tool. At the same
time, the profile of the treated soil will consist of ridges
and depressions, similar to disk working bodies. The size
of the distance between the ridges and the size of the de-
pressions depend on the direction of the spiral line, which
is the cutting edge of the working surface, that is, the blade.
The profile is also affected by the angle of attack and the
depth of plunging of the working surface into the soil. In
this paper, it is stated that through a given spiral base line,
which is the edge of the surface, it is possible to draw many
developable helicoids, which will differ among themselves
by the angle of inclination of the rectilinear generators
concerning the surface axis. This angle affects the great ef-
fort of plunging into the ground of the working surface and
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the quality of turning over the ground and mixing it with
plant residues. Hence, it is assumed that this angle can play
the role of roll angle for disc guns. In the work, a compara-
tive analysis of two working organs — disk and screw — was
carried out, and it was concluded that the screw organ can
be an alternative to the disk. However, at the same time, an
important issue was not considered - avoiding contact of
the back side of the screw working surface with the soil en-
vironment. This issue is discussed in detail in the proposed
article, the material of which develops and complements
previously conducted research.

CONCLUSIONS

The soil tillage unit, equipped with screw working surfaces
in the form of turns of a developable helicoid, is a promis-
ing solution for surface soil tillage, which can replace tradi-
tional disk tools. This alternative offers not only efficiency
but also simplicity of construction, which allows the reduc-
tion of costs of production and maintenance of units. The
analytical description of the design parameters of turns,
developed in this paper, opens up opportunities for opti-
mizing these parameters taking into account various agro-
technical requirements. It is important to note that the de-
sign of the unit allowed for variation in the parameters of
the working bodies while maintaining key characteristics of
soil cultivation, such as continuity of cultivation, the speci-
fied depth, the appropriate distance between the ridges, and
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into account the thickness of the helicoid coil, is 13°. This
is an important aspect, because the reduction of the angle ¢
due to the sharpening of the blade can reduce the efficien-
cy of the plunging of the working body into the soil, but a
positive angle provides sufficient plunging, which is critical
for quality processing. Thus, the unit with screw working
bodies provides not only a similar processing profile to disk
tools, but also better control over processing parameters.

Prospects for further research are aimed at improving
the design of the screw unit. One of the directions is the
detailed consideration of the thickness of the helical work-
ing surface, which will improve processing efficiency, re-
duce energy consumption and increase the reliability of the
working bodies. Another important direction is the study
of the influence of various agrotechnical conditions, such
as the type of soil, humidity and the speed of movement of
the unit, on the operation of screw organs. This will make it
possible to develop universal recommendations for the use
of such units in various conditions, which will contribute to
their wider implementation in agriculture.

Thus, the development and implementation of screw
tillage units has a significant potential for increasing the
efficiency and cost-effectiveness of surface tillage. This
opens up new opportunities for improving agricultural
technologies and reducing the impact on the environment,
which are important factors in modern agriculture.

minimal disturbance of the soil structure on the back side. ACKNOWLEDGEMENTS
One of the key advantages of the screw working bodyis  None.
the ability to adjust the angle of attack and the angle of roll.
In particular, changing the angle f to a value of 35° ensures CONFLICT OF INTEREST
the formation of the rear angle ¢, which, even without taking  None.
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KOHCTpYloBaHHS po604YMX NOBEPXOHb FPYHTOOBPO6GHOIro rBUHTOBOIO OpraHy
i3 BiacikiB po3ropTHoro renikoiga

AHoTauia. YI0CKOHa/lIeHHS TBUHTOBUX POOOUYMX OPraHiB /Jisl TOBEPXHEBOTO 06POBITKY I'PYHTY € BasKIMBUM JJIsI
nigBuiLeHHST e(PeKTUBHOCTI Ta SIKOCTI CITbCHbKOTOCIOAaPChKUX POO6IT. MeTo po60TH 6yB pO3paxyHOK KOHCTPYKILii
IBMHTOBOTO POOGOYOTO OpraHy [Jisl TOBEepXHeBOro 06pobiTKYy I'PYHTY i3 BiCiKy pO3TOPTHOTrO Tenikoina, skuit 6u
BMKOHYBAaB TE€XHOJIOTiYHNIT TIPOlLieC 3 MiHIMaaAbHMM OMOPOM 3aHYPEHHS Y I'PYHT. [IJIs KOHCTPYIOBaHHSI pO60YOro Oprany
3aCTOCOBAHO MEeTOAM Teopii MOBepXOHb, aHATITUYHOI Ta AudepeHiaabHOi reoMeTpii. B poboTi mokasaHo, 110 yepes
3aJjaHy TBMHTOBY JIiHil0, sIKa € PKyU0l0 KpaiiKkol NOBepXHi (Jie30M), MO>XKHA IIPOBOLUTY PO3TOPTHI relikoign i3 pisHUM
HaXWIOM NPSIMOMiHIiHMX TBipHMX. Lle BaXk/IMBO /1151 KOHCTPYIOBaHHS MOBEPXHi J151 HaliKpal[oro 3aHypeHHs y I'PYHT.
BcTaHOBIIEHO, IO 3aMTPOTIOHOBAHMIT pO6OUMIT OPraH € aabTePHATMUBOIO iCHYIOUMX 3HAPSIAb IMCKOBOTO TUIly. [loBeJjeHo,
10 TpUBanuit yac chepuyHi AVCKM 7151 IOBEPXHEBOTO 06PO6ITKY I'PYHTY 3aKPITUIIOBAIMCS HA CIIIIbHOMY Baily, SIKUIi
BCTAHOBJIIOBABCS Ha arperari 3 MeBHMM KyTOM MiX Ji0ro BicCIO i HAaIIpSIMOM pyXy arperary, [0 CIpUsIO 3aHYPEeHHIO
IUCKIB y I'PYHT. ITinTBepIKeHO, 10 I'PYHTOOOPOOHI 3HAPS LIS AMCKOBOTO TUITY Oy BOOCKOHAJIEHI, aJle 1je YCKIaTHWIO
KOHCTPYKIIil0 arperary, OCKiJibKu KOskeH JUCK OTPMMAaB iHAMBigyaabHy Bich 06epTaHHs. JOCTiyKeHHS TToKa3asiu, 1o 1ie
J03BOJIMJIO JOLATKOBO BCTAHOBJIIOBATHM KYT KPEHY, TOOTO BiIXMIeHHS IUIOLIMHY ie3a I1CKa Bii BepTUKaIbHOTO HAIPSIMY,
1110 TTOKPAIIYBaIo 3aHYPEeHHSI IMCKa B IPYHT i 3a6e3meuyBano edeKkTUBHillle TepeBepTaHHS Ta IepeMilllyBaHHSI POCTMHHUX
3a/IMIIKiB. 3aITPOTIOHOBAHMIT TBUHTOBUI pOOOUMIT OpTaH MOENHYE MPOCTOTY KOHCTPYKIIii CITiIbHOTO Baly i HAsIBHICTh
KyTa aTaky Ta KpeHy, 1[0 MiJTBepAKYe i10ro eeKTUBHICTD Y MOPiBHSIHHI 3 icHYI0UMMM aHayoraMu. 3pobaeHo HeobxinHi
PpO3paxyHKHU, ITOOYIOBaHO ITOBEPXHi ITPABOTO i JIIBOTO X0y i3 TO3HAUEHHSIM HEeOOXiTHMX KOHCTPYKTUBHMUX MapaMeTpiB.
3acTocyBaHHSI OTPUMAaHMX Pe3yIbTaTiB MOXe CIIOCTUTM KOHCTPYKIIil0 I'PYHTOOOGPOOHOrO arperaTy

Knio4oBi c/ioBa: KyT aTaki; KYT 3aTOUKM; KPOK TIOBEPXHi; TBUHTOBMI TapameTp; rpe6Hi; mpodiab IpyHTY
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