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Abstract. Establishing optimal technological and design parameters of tillage tools is essential for ensuring
tillage quality and lowest possible energy consumption by the tillage process. For simple plane soil
looseners, used on the majority of tillage machines, this task is successfully achieved. In the meanwhile,
significant proportion of tillage machines has relatively complex tools, which combine translational motion
of the tool with rotation around its axis. This article studies the process of soil interaction with a screw
conical subsoiler mounted on bearings. The subsoiler can freely rotate around its axis. The surface of the
subsoiler is described by the screw surface equation bounded by a circular cone. External action on the
subsoiler body is a resultant of normal and tangential forces applied to screw surface and friction force in
the bearings. Theoretical dependencies have been obtained which determine the resultant force of soil on the
screw surface of the subsoiler. This force is composed of the sliding friction force and the force appearing
due to frontal soil flow after destruction of soil structural cohesion. The article also gives results of
numerical calculations. The obtained dependencies allow studying the influence of technological and design
parameters of the screw tool on the tillage process and substantiate parameters’ optimal values.

1 Introduction
Analysis of the development of modern tillage machines
indicates that reactive tillage tools with screw surface
attract much attention as this kind of tools makes it
possible to decrease drag force and consequently reduce
energy consumption of tillage process [1–7].
The purpose of the study is to determine the external
forces appearing from the oncoming flow of soil, which
act on the screw surface of the conical tillage tool. The
tool constitutes a screw conical subsoiler on bearings,
which has the ability to rotate around its own axis if a
certain amount of force is applied to the screw [8–10].
The action of soil on screw surface can be
represented by three components. The first one arises as
a result of soil flow deformation prior to its structure
cohesion destruction. The second one is determined by
the change of momentum of the soil flow, which, in the
coordinate system linked to the tillage machine, acts on
each element of area of the screw surface and after
interaction with it slides along the surface. The third
component of the soil action is connected with friction
forces appearing as a result of soil particles sliding on
the screw surface in the direction of the projection with
the initial velocity of the oncoming soil flow on this
surface [11].
In [12] the action of soil on the screw surface of the
subsoiler prior to the destruction of soil structure
cohesion was studied. This article studies the second and
*

third resulting forces connected with the action of the
oncoming flow of soil and sliding friction force.

2 Materials and methods
The tool is designed to perform subsoil loosening of the
soil and is a screw cone subsoiler mounted on a rack by
means of bearings (Figure 1). The subsoiler has the
ability to rotate around its axis when a certain amount of
force is applied to the screw [13].

Fig. 1. General view of the screw cone subsoiler: 1 – rack; 2 –
bearing unit; 3 – cone; 4 – screw wings
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Let us study the rotational motion of a rigid body,
which moves in the soil and interacts with the oncoming
flow. The translational component of this movement has
a constant horizontal velocity equal to the velocity of
movement of the machine. In inertial, progressively
moving axes, the body is hinged on the axis of rotation z.
The z axis is inclined to the horizon at an angle
( / 2 +  ) , where ε is the angle between the lower

The external action of the oncoming flow on the
tool’s body is reduced to normal and tangential forces
from the soil applied to the screw surface, as well as to
normal reactions and friction forces in bearings on the
axis of rotation. To calculate these forces, it is necessary
to know the angle between the oncoming flow direction
and the screw surface, as well as the velocity of this
flow.
In [12], the following dependence was obtained for
calculating the angle:

generatrix of the subsoiler cone and the horizontal plane,
ψ is the angle at the vertex of the cone. The oncoming
flow of soil in the reference frame linked to the tillage
machine deviates from the undisturbed motion. It flows
around the surface of the tool’s body and forces it to turn
on an axis (Fig. 2) [14].

cos ( ) = −

a
 
 
sin   +  cos     − cos   + 
2

2



 
a2

2

, (5)

+1

where α is the angle between the normal to the surface
and the direction opposite to the soil flow velocity.
The flow velocity vector in a cylindrical coordinate
system is determined as [12]:
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Let us select the i-th element of area dS on the screw
surface. Let us consider how the second component of
the normal reaction is determined, due to the change in
the momentum of the soil flow, which runs on each
element of area of the screw surface. According to the
theorem on the change of momentum [14] in the
projection on the normal to the tangent plane, carried out
in the i-th point, we obtain:

Fig. 2. Flow of soil.

3 Results
The surface of the subsoiler is described by the equation
of a screw surface bounded by a circular cone (Fig. 2).
In a cylindrical coordinate system (ρ,  ,z) , a screw
surface can be described by the equation

z − a = 0,

Qi − Qi 0 = Niv dt ;

where Niv

(1)

f
f
f
r+
p+ k ,


z

(2)

Qi 0 = −m  v  cos ( ) .

where f = z − a .
After calculating the partial derivatives, the vector
gradient will take the following form

grad f (  ,  , z ) = 0r −

a



p + k.

grad f (  ,  , z ) =

2

+1 .

(8)

The mass of the flow of soil of density  , interacting
with the element of area dS equals:

m =   v  dS  cos ( )  dt

(3)

(9)

Then

The modulus of this gradient vector is

a2

is the value of the normal reaction of the

element of area dS to the speed of the oncoming soil
flow; Qi is the momentum of soil particles after
interaction with the surface in the projection on the
normal to it, Qi 0 is the momentum of soil particles
before interacting with the surface in the projection on
the normal; dt is interaction time.
At a steady state, the interaction time may be taken as
equal to 1.

where a is the proportionality coefficient, which
determines the pitch of the screw along the z axis, equal
to 2πa and taken as constant.
The direction of the normal to the screw surface is
determined by the vector gradient

grad f (  ,  , z ) =

(7)

Qi 0 = −  v2  dS  cos 2 ( )  dt.

(4)

2

(10)
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z = −k (  − 0 ) ,

The momentum of soil particles after interaction with
the surface in the projection on the normal to it is 0,
because after the interaction the soil slides along the
surface in a tangent plane:
Qi = 0.

  z
where k = ctg   = 0 is the angular coefficient;
 2  0
z0 is the height of the cone, m;  0 is the radius of the
base of the cone, m.
Let us set the screw surface as

(11)

Substituting (10) and (11) into (7), we get

  v2  dS  cos2 ( )  dt = Niv dt;

z = a ,

(12)

z0
; n is the number of screw turns.
2 n
Then, equating the right-hand sides of (19) and (20)
for the upper boundary of the integral over the parameter
 , we obtain

(13)

a
k

 = 0 −  .

The force Ni creates a torque around the axis of
rotation of the tool’s body, as well as axial force
projected on the z axis. The magnitude of the torque is
equal to the product of the projection of the force Ni on
the direction p and coordinate  :

( )

M zv ( Ni ) = Ni Cos n , p  .

( )

cos n , p = −

z = −kc (  − c ) ,

 = c −

a2 +  2
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To determine the moment of all reactions Ni , let us
calculate the integral M zv ( Ni ) of the screw surface of
the subsoiler
M zv = − 

 v 2 cos 2 ( ) a 

(S )

a2 +  2

dS .

(17)

This surface integral is calculated through multiple
integrals over another area  , which in turn is the
projection of the screw surface onto the cones [12]

 F (  , )dS =  F (  , )

(S )

a 2 +  2 d  d .

a
.
kc

(23)

Thus, when compiling a multiple integral, the current
a
a
radius  changes from  c −  to 0 −  .
kc
k
The parameter  varies from zero to its final value,
which depends on the number of turns. At the top of the
k
cone  = 0, then from (21) we have  = 0 . Since
a
z0
z0
k=
and a =
, we finally get  = 2 n .
0
2 n
Consequently, proceeding to multiple integrals, the
parameter  changes from 0 to 2 n .
The obtained integration boundaries are valid for the
screw surface, which has a zero angular coordinate on
the plane of the cone’s base. When the conical subsoiler
rotates, the location of the screw surface changes, which
leads to changes in the boundaries of integration. Let us
denote the angular coordinate of the screw on the plane
of the base of the cone by  n . Then the angular
coordinate  will change from  n to k = n + 2 n .
In this case, the current radius  should change from
n = c − a / kc ( − n ) to k = 0 − a / k ( − n ) .
After proceeding to multiple integrals, the surface
integral will take the following form

Then, the moment of reaction of the element of area
dS with respect to the z axis is equal to

M zv ( Ni ) = − 2 Cos 2 ( )

(22)

  z
where kc = ctg  c  = 0 is the angular coefficient,
 2  c
 c is the base radius, m.
Then, taking into account (20), we obtain the lower
limit of the integral over the parameter 

(14)

.

(21)

The inner cone, on the outer part of which the screw
surface is screwed, is given by the equation

The cosine of the angle between the normal n and
the direction of the coordinate axis p is defined as the
projection of the gradient to the surface divided by its
module

a

(20)

where a =

Canceling out dt , let us find the value of the normal
reaction of the element of area dS from the second
component of the soil action on the subsoiler

Niv =   v2  cos 2 ( )  dS .

(19)

(18)

( )

When moving to multiple integrals, it is necessary to
set the range intervals for parameters  and  .
Two circular cones bound the screw surface of the
subsoiler. Let the conditional circular cone, which limits
the screw surface outside, be given by the equation

3
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k к

M z = −    2 Cos 2 ( )a  d  d .

To find the magnitude of the velocity projection on
the tangent plane to the sliding surface v , we first
calculate its projection onto the normal to the surface.
The cosine of the angle between the normal n and the
flow velocity vector is determined based on the scalar
product of these vectors [12]. Then the normal
component of speed will take the form

(24)

n н

The torque of soil pressure forces on the screw
surface from the change in the momentum M Dzv ,
respectively, will change the sign M Dzv = −M zv .
Let us define the constraint along the z axis, which is
created by the oncoming soil flow force Ni and
calculate the cosine of the angle between the normal n

( )

vn = v  cos n , p = −v  cos ( ) ,

Since the normal velocity vn is perpendicular to the

and the unit vector k .

f

z
cos n , p =
=
.
2
grad f (  ,  , z )
a + 2

( )

tangent plane, the value v
Pythagorean theorem:



N zv =   v 2 cos 2 ( )

a + 2
2

(S )

dS .

v = v2 − vn 2

(26)

v = v r + v p + vz k .

k k



The components of the flow velocity along the axes
were obtained in [12]. In this article, they are presented
as part of expression (6).
For each component of the soil flow rate, we also
determine the projection of the normal to the surface:

Note that if a subsoiler has several screw surfaces,
the corresponding normal forces and torques for each of
them are calculated separately and then summed.
Let us turn to the third component of the soil flow
force applied to the screw surface, i.e. to the friction
forces. Sliding friction occurs under the condition of
relative movement of the soil along a screw surface. This
condition is satisfied if the elevation angle of the screw
at the surface boundary is greater than the friction angle
associated with the coefficient of friction on the soil f tr .
At the points of the screw lying closer to the axis z , this
condition will certainly be fulfilled. With a constant
pitch of the screw, taking into account the taper of the
surface bounding the screw, it can be stated that the
smallest angle of elevation of the screw is at a point with
coordinates  = 0 ,  = 0, z = 0. Then the slide
condition at all points on the surface will take the form
a

0

 f tr .

v n = v 

v n = v 

grad f (  ,  , z )  r
grad f (  ,  , z )

gradf (  ,  , z )  p
gradf (  ,  , z )

= 0,

vzn = vz 
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2
2

a + 2

.
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Similarly, with (31) let us define the projections of
the velocities on the tangent plane

We assume that the elementary friction force applied
to the element of area dS is proportional to the sum of
normal reactions from the first two components with a
friction coefficient f tr and directed along the projection
of the initial flow velocity on the tangent plane to the
element of area. Then the magnitude of the friction force
applied to the area dS is equal to [12]
Fitr = Ni + Niv  f tr = ( +   v )  cos ( )  f tr dS . (29)
2

(32)

(27)

n n

tg (  0 ) =

(31)

The friction force Fitr needs to be expanded along
the axes of the cylindrical coordinate system. Since the
friction force always points towards the relative velocity,
in order to find the components of the friction force, we
use the decomposition of velocity along the axes. Let us
write the expression of speed through the unit vectors of
these axes

After proceeding to multiple integrals taking into
account (18), we get
2
2
  v cos ( )  d  d .

is determined by the

(25)

Then the total reaction is determined through the
surface integral

N zv =

(30)

2

4

v = v 2 − v n 2 ,

(36)

v = v 2 − v n 2 ,

(37)

vz = vz 2 − vzn 2 .

(38)
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Since the projections of the friction force on the
cylindrical axes correspond to the components of the
tangential velocity along these axes, the friction force
vectors and the tangential velocity are collinear. Let us
write the conditions of collinearity of vectors

Fitr
v

Fitr  Fitr
F
.
= itrz =
=
vz
v
v

Traction force is equal to:



NTY = N Z Cos  +   .
2



The force N z that arises during the deformation of
the soil flow before the destruction of the cohesion of its
structure was previously determined in [12]. It can be
calculated in the same way as the force of the oncoming
flow, if in formula (27) the product  v 2 is replaced by
the coefficient of the maximum compression stress  .
The total reaction in bearings is determined by the
magnitude, as the geometric sum of all reactions from
forces and friction forces normal to the surface. Given
the fact that the radial sum of normal reactions is zero,
we get

(39)

Hence

v

;
 Fitr  = Fitr
v


v
;
 Fitr = Fitr
v


v
 Fitrz = Fitr z .
v


(46)

(40)

N P = N Z2 + N 2tr .

(47)

The modulus symbol in expressions is determined by
the method of finding the tangential component of the
flow velocity through the difference of the squares of the
full and normal component.
Let us integrate the torque of friction forces around
the axis z , given that it creates only the component Fitr

The torque of friction forces in a bearing of radius
 p and friction coefficient f p , is determined by the
formula:

in the direction p with the shoulder  :

The total torque relative to the axis of rotation of the
working body is calculated as the sum of the four
components

k k

M ztr =  



Fitr  a 2 +  2 d  d .

M zp = − N P f p  p

(41)

M z = M Dz + M Dzv + M ztr + M zp ,

n n

The sign of the moment is negative if

3


  0    2  and positive for the other
2
2


angle  ranges on the first turn of the screw. On
subsequent turns, the sign of the moment changes in the
same way.
Using the expression of the friction force through
normal reactions to the surface, taking into account (5)
we obtain:
k k

M ztr =    ( +  v 2 )Cos 2 ( ) ftr
n n

v
v

k k

n n

vz
v

It was assumed that the conical subsoiler has three
screw surfaces that are equidistant from each other. The
initial angular coordinates of the screw surfaces on the
plane of the base of the cone were 00, 1200, and 2400.
The number of turns changed from 0.1 to 0.5. With the
geometry of the subsoiler used, the angle at the tip of the
cone was ψ = 440. The cutting angle ε, that is, the angle
between the lower generatrix of the subsoiler cone and
the horizontal plane, varied from –220 to 100. The
accepted minimum cutting angle, equal to –220,
corresponds to the horizontal position of the axis of
rotation of the subsoiler. All angular values in the
calculations and in the figures were presented in radians.
Fig. 3 shows the traction force NTY at different
numbers of screw turns n and different values of the
cutting angle ε. Corresponding lines of equal values are
presented in Fig. 4. With an increase in the number of
turns n, the area of the screw surface increases, which in
turn leads to an increase in the sliding friction force and

  a 2 +  2 d  d (42)

a 2 +  2 d  d (43)

Similarly, in the radial direction  , we get:
k k

N tr =    ( +  v 2 )Cos2 ( ) ftr
n n

v
v

a 2 +  2 d  d .(44)

The total constraint along the z axis is defined as the
sum of the three components:
N z = N z + N zv + N ztr .

(49)

where the last component is not a force resulting from
the flow of the soil. It characterizes friction on the axis
of rotation.
Using the obtained dependencies, numerical
calculations were performed. Fig. 3, 4 show some results
of numerical calculations for fixed values of the
following parameters: z0 = 0.15 m; 0c = 0.02 m;
0 = 0.06 m; v = 1.39 m / s (5 km/h);  m = 1200 kg/m3;
 = 50 000 N/m2; ftr = 0.5; fp = 0.1;  p = 0.03 m.

Integrating the components of the friction forces in
the direction of the axis z , we obtain:
N ztr =    ( +  v 2 )Cos 2 ( ) ftr

(48)

(45)
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the forces of the oncoming flow of soil. Therefore, as the
number of turns n increases, the traction increases as
well.

computational experiment with different values of the
design and technological parameters of the screw
subsoiler taking into account the specific physical and
technological properties of the soil. Thus, the
constructed mathematical model, which takes into
account the forces of deformation of the soil flow before
the destruction of the cohesion of soil structure, as well
as the forces associated with the oncoming flow of soil
on the screw surface and the forces of sliding friction
after soil destruction, can be used to substantiate the
optimal parameters of the screw tools of tillage
machines.
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