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Automatic Classification of Farmer’s Weather Station Siting Based
on Geodata . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 116

Sébastien Dandrifosse, Alban Jago, Valéry Michaud,
Jean Pierre Huart, Viviane Planchon, and Damien Rosillon

Evaluating Heavy Metal Contamination in the Rehova Cu-Mine Area
for Sustainable Soil Management . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 131

Arta Dollani, Enkeleda Shkurta, Fatbardh Sallaku, and Seit Shallari

Agricultural Unmanned Ground Vehicle (UGV): A Brief Overview . . . . . . . . . . . 137
Alessia Farella, Francesco Paciolla, Tommaso Quartarella,
and Simone Pascuzzi

Concentration of Pollutants in the Air of a Cattle Farm . . . . . . . . . . . . . . . . . . . . . . 147
Mateusz Gancarz, Maciej Wilk, Sebastian Jaguszewski,
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Theory of Operation of a Safety Finger Coupling
Applied in the Drive of a Screw Conveyor

for Bulk Agricultural Materials

Volodymyr Bulgakov1 , Simone Pascuzzi2(B) , Jü̈ri Olt3 , Arlindo Almeida4 ,
Oleksandra Trokhaniak1 , Janusz Nowak5 , Yevhen Ihnatiev3,6 ,

Zbigniew Kiernicki7 , Francesco Paciolla8,9 ,
and Giacomo Scarascia Mugnozza9

1 Department of Mechanics, National University of Life and Environmental Sciences of
Ukraine, 15 Heroiv Oborony Str., Kyiv 03041, Ukraine

2 Department of Soil, Plant and Food Science, University of Bari Aldo Moro, Via Amendola
165/A, 70126 Bari, Italy

simone.pascuzzi@uniba.it
3 Institute of Technology, Estonian University of Life Sciences, 56 Kreutzwaldi Str., 51006

Tartu, EE, Estonia
4 Polytechnic Institute of Bragança, Mountain Research Center, Bragança, Portugal

5 Department Od Machine Operation and Production Processes Management, University of Life
Sciences in Lublin, 13, Akademicka Str., 20-950 Lublin, Poland

6 Dmytro Motornyi, Tavria State Agrotechnological University, 66 Zhukovsky Str.,
Zaporizhzhia 69600, UA, Ukraine

7 Lublin University of Technology, Nadbystrzycka 38D, 20-618 Lublin, Poland
8 PolySense Lab, Dipartimento Interateneo Di Fisica, Polytechnic and University of Bari, Via

Amendola 173, 70126 Bari, Italy
9 Polytechnic University of Bari, Via Edoardo Orabona 4, 70126 Bari, Italy

Abstract. The aim of the study is to enhance the operational characteristics of a
screw conveyor during overloading of its working mechanism by substantiating
the rational parameters of the safety coupling. Theoretical calculations and their
graphical dependencies were performed using the Delphi programming environ-
ment. To increase the magnitude of axial displacement of the driven half-coupling
with the jammedworking element, while reducing dynamic loads during overload-
ing, a design of a safety coupling has been developed. To determine the rational
parameters of the safety coupling for the screw conveyor, the influence of dynamic
loads on the operation of the safety coupling during overloading of the screw con-
veyor’s working mechanism has been analyzed. From the analysis of the graphs,
it has been determined that an increase in the rotation frequency n leads to an
increase in the torque of the system. With a change in rotation frequency from
50 rpm to 200 rpm, the torque Td increases by 64.8%, Tr rises by 65.2%, and Tm
increases by 63.8%. It has also been determined that an increase in the mass m of
moving links leads to an increase in loads on the drive. When the mass increases
from 10 kg to 20 kg, the torque Td increases by 15.8%, Tr rises by 12.5%, and
Tm increases by 17.3%.
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1 Introduction

Technological processes in agricultural production involve many labor-intensive load-
ing, unloading, and transportation operations [1–6]. Most commonly, these operations
include the handling and transportation of grain crops, seed materials, granulated min-
eral fertilizers, and so on [7–10]. Screw auger conveyors, as a separate technical element
of transportation mechanisms, have found widespread use in the layout schemes of
machines for loading or moving bulk and lump materials due to their simple design,
ease of maintenance, and the ability to load and unload materials at any point along
the technological line [11–14]. During the transportation of such materials, due to the
presence of clearances between the rotating surface of the screw and the inner surface
of the guiding pipe, jamming of the screw working element is possible. To restore the
functionality of the conveyor, it is necessary to disengage the jammed edge of the screw
in the axial direction from contact with the material. Subsequently, after removing the
overload, the drive elements should ensure the initial position of the screw working ele-
ment for transporting the material to the unloading zone [15–18]. These issues can be
addressed by axially disengaging the jammed screw working element using ball safety
couplings with a profiled design of the recesses, both when disengaging and engaging,
at the exit and entry points [19–21]. For the reliable operation of screw conveyors, both
rigid [22] and flexible [23], specific designs of safety couplings have been developed
for axial disengagement of a jammed screw, along with methodologies for conducting
experimental research [24]. Considerable attention is given to analyzing the determi-
nation of dynamic loads in various types of drives with safety couplings, as well as
their strength calculations [25–29]. Therefore, the task of developing new designs of
safety couplings for screw conveyors to axially disengage the working element in case
of overloading and ensure the restoration of its initial position is relevant. The aim of
the research is to enhance the operational characteristics of the screw conveyor during
overloading of its working mechanism by substantiating the rational parameters of the
safety coupling.

2 Materials and Methods

To address this issue, a safety coupling with temporally separated slipping and axial
displacement modes of the screw has been developed to restore the operational state of
the screw conveyor. Its design and overall view are presented in Fig. 1.When transmitting
torque, the cylindrical fingers (Fig. 1–4), which have a spherical shape on the working
side and they are located in through axial openings in the anti-friction bushings (Fig. 1–
5) of the driven half-coupling (Fig. 1–3), engage with the recesses (Fig. 1–7) of the
driving half-coupling (Fig. 1–1). This ensures the rotation of the safety coupling and
the screw working element (Fig. 1–3). The fingers (Fig. 1–4) and recesses (Fig. 1–7)
are arranged at the same diameter, and on both sides of the recesses on the end surface
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of the driving half-coupling (Fig. 1), there are circular working (Fig. 1–10) and return
(Fig. 1–11) grooves. The inclination angle of the working groove is significantly smaller
than the inclination angle of the return groove. In the event of an overload, the driven
half-coupling (Fig. 1–3) stops while the driving half-coupling (Fig. 1–1) continues to
rotate, causing the cylindrical fingers (Fig. 1–4) to disengage from the recesses (Fig. 1–7).
During this process, the cylindrical fingers (Fig. 1–4) move along the circular working
grooves (Fig. 1–10). Due to the rotation of the driving half-coupling (Fig. 1–1), the
cylindrical fingers (Fig. 1–4) return to their initial position, resulting in the restoration
of the initial state. During this process, the cylindrical fingers (Fig. 1–4) move along the
circular return grooves (Fig. 1–11).

)b()a(
Fig. 1. Constructive diagram (a) and general view (b) of the safety coupling.

In determining the rational parameters of the screw conveyor’s safety coupling, it is
essential to consider the effect of dynamic loads, the absolute values of which will differ
from static ones. To address this, a dynamic model of the screw conveyor with the safety
coupling was examined, as shown in Fig. 2. It is described by a system of differential
equations of motion (1):

J1 · ϕ̈1 = Td − c1(ϕ1 − ϕ2),

J21 · ϕ̈2 = c1(ϕ1 − ϕ2) − Tm,
J22 · ϕ̈3 = Tm − c2(ϕ3 − ϕ4),

J3 · ϕ̈4 = c2(ϕ3 − ϕ4) − Tr,

⎫
⎪⎪⎬

⎪⎪⎭
(1)

where: c1– equivalent torsional stiffness of the drive components between the engine
and the driving half-coupling; c2– equivalent torsional stiffness of the drive components
between the driving half-coupling and the shaft of the working element; ϕ1 – twist angle
of the engine shaft; ϕ2 – twist angle of the driving half-coupling; ϕ3 – twist angle of
the driven half-coupling; ϕ4 – twist angle of the shaft of the working element; J1 –
consolidated moment of inertia of the drive; J21 – consolidated moment of inertia of the
driving half-coupling; J22 – consolidated moment of inertia of the driven half-coupling;
J3– consolidated moment of inertia of the shaft of the working element; Td – torque
moment of the drive; Tm – torque moment of interaction between half-couplings; T r
– resistance moment on the shaft of the screw working element.

The drive torque moment Td can be expressed as a constant moment:

Td = Td0, (2)
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Fig. 2. Dynamic model of the screw conveyor with a safety coupling.

or as a linear characteristic of the electric drive in the form:

Td = Td0

(
1 − ϕ̇1

ω0

)
, (3)

where ω0 is the angular velocity of rotation of all masses at the initial moment of time.
The resistance moment applied to the output link – the screw working element, Tr

can be expressed as a constant moment:

Tr = Tr0, (4)

or linearly increasing in the form:

Tr = Tr0 + Tr1 ·
t
τ
. (5)

Until the moment of time τ when complete stoppage of the screw occurs (its
jamming).

The magnitude of the torque moment of interaction between half-couplings Tm is
influenced by parameters such as the geometric dimensions of the half-coupling, the
profiles of the recess and groove, the stiffness and initial tension of the compression
spring, and the axial mass of the driven half-coupling together with the working element
and a portion of the load. The influence of friction forces can be neglected since, with
proper lubrication, it is sufficiently small.

Therefore, the moment Tm will be equal to the sum of two components – static,
which depends on the deformation of the spring, and inertial, which is determined by
the axial acceleration of the half-coupling.

The static component of the axial force duringmutual displacement of half-couplings
is equal to:

Fs = c(δ0 + λ), (6)

where: δ0 – initial tension of the spring; λ – current deformation of the spring, which
is equal to the amount of the cylindrical finger exiting from recess; c – stiffness of the
spring.

The dynamic component of the axial force was determined as the inertia force during
the axial displacement of the driven half-coupling together with the working element
and a portion of the load:

Fd = mλ̈, (7)
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where m is the mass of the driven links.
To determine the geometric relationships when the cylindrical finger exits from

recess, a calculation scheme was constructed, as shown in Fig. 3.

Fig. 3. Calculation scheme for determining the geometric relationshipswhen the cylindrical finger
exits from recess.

The tangential displacement of the cylindrical finger is equal to:

& = R · (ϕ − ϕ3),

where R is the radius of the placement of the cylindrical fingers.
At the same time, the finger rises to a height λ, which is determined by the formula:

h − λ = r · (1 − cos θ), (8)

where: r is the radius of rounding of the cylindrical finger and θ is the current angle of
the cylindrical finger pressing on the edge of the recess.

After substitutions and transformations, we obtain the expression:

λ = r · (cosθ − cosθ0), (9)

where: θ0 is the initial value of the angle of pressure of the cylindrical finger on the edge
of the recess when the finger was completely in the recess.

The tangential displacement & of the cylindrical finger was determined through the
angles of pressure:

& = r · (sinθ0 − sinθ) = R · (ϕ2 − ϕ3) = r · (sinθ0 − sinθ). (10)

From Eqs. (9) and (10) we obtained:

λ = h − r +
√
r2 − [r · sinθ0 − R · (ϕ2 − ϕ3)]2. (11)

The current pressing angle of the finger is determined from (9) and (10), using (11),
through the tangent of the angle θ :

tanθ = r · sinθ0 − R · (ϕ2 − ϕ3)

λ + r − h
= r · sinθ0 − R · (ϕ2 − ϕ3)√

r2 − [r · sinθ0 − R · (ϕ2 − ϕ3)]2
(12)
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From here, the interaction torque of the half-couplings was determined by the
equation:

Tm = R · tanθ · (Fs + Fd ) = R
[
c(λ0 + λ)+ m4 · λ̈

]
· r · sinθ0 − R · (ϕ2 − ϕ3)√

r2 − [r · sinθ0 − R · (ϕ2 − ϕ3)]2

(13)

By differentiating (11) with respect to time, the derivatives were determined λ̇ and
λ̈:

λ̇ = [r · sinθ0 − R(ϕ2 − ϕ3)] · R · (ϕ̇2 − ϕ̇3)√
r2 − [r · sinθ0 − R · (ϕ2 − ϕ3)]2

;

λ̈ = [r · sinθ0 − R(ϕ2 − ϕ3)] · R(ϕ̈2 − ϕ̈3) − (R)2 · (ϕ̇2 − ϕ̇3)
2

√
r2 − [r · sinθ0 − R · (ϕ2 − ϕ3)]2

− [r · sinθ0 − R · (ϕ2 − ϕ3)]2 · (R)2 · (ϕ̇2 − ϕ̇3)
2

(
r2 − [r · sinθ0 − R · (ϕ2 − ϕ3)]2

)√
r2 − [r · sinθ0 − R · (ϕ2 − ϕ3)]2

.

(14)

Substituting Eqs. (11) and (14) into the expression for the interaction torque of the
half-couplings (13), we get:

Tm =
{
R
[
c
(

δ0 + h − r +
√
r2 − [r · sinθ0 − R(ϕ2 − ϕ3)]2

)]

+ mR

{
[r · sin θ0 − R · (ϕ2 − ϕ3)]R · (ϕ̈2 − ϕ̈3) − (R)2 · (ϕ̇2 − ϕ̇3)

2
√
r2 − [r · sin θ0 − R · (ϕ2 − ϕ3)]2

− [r · sinθ0 − R · (ϕ2 − ϕ3)]2 · (R)2 · (ϕ̇2 − ϕ̇3)
2

(
r2 − [r · sinθ0 − R · (ϕ2 − ϕ3)]2

)
·
√
r2 − [r · sinθ0 − R · (ϕ2 − ϕ3)]2

}}

× r · sinθ0 − R · (ϕ2 − ϕ3)√
r2 − [r · sinθ0 − R · (ϕ2 − ϕ3)]2

. (15)

The torque depends on the structural,mass, and elastic characteristics of the coupling,
as well as the difference in the angles of mutual rotation of the half-couplings and their
derivatives. Then, the initial conditions for the system motion were considered.

The most significant dynamic loads will occur in the case of a sudden jamming of
the system, which is associated with the impact mechanism of the drive operation. In
the case of a soft jamming, the process occurs more slowly, and dynamic loads will
accordingly be less significant.

In the worst-case scenario, i.e., during a sudden jamming, the system transforms into
a two-mass one, as the rotational mass J3 comes to a halt, and the angle ϕ4 = 0.

The deformation of the elastic links at the initial moment in time is determined by
the torque of resistance Tr preceding the jamming time:

c1(ϕ10 − ϕ20) = Tr; c1(ϕ30 − ϕ40) = Tr;
ϕ20 = ϕ30; ϕ40 = 0.

(16)
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The third equation shows that the coupling rotates as a single unit.
Here, the subscript “0” denotes the initial value when the cylindrical finger was fully

in the recess. The rotational velocities of all masses at the initial moment were the same
and equal to ω0.

ϕ̇10 = ω0; ϕ̇20 = ω0; ϕ̇30 = ω0; ϕ̇40 = 0. (17)

So, Eqs. (1) and (15), along with the characteristics of the drive (2) or (3) and
resistance (4) or (5), initial conditions (16) and (17), constitute the mathematical model
of themotion of the screw conveyor’s safety clutch system. The system is too complex for
analytical solution, so numerical integration methods based on the well-known Runge-
Kutta technique were applied.

To transform the system of second-order differential equations into a system of
first-order differential equations, the following variable substitution was performed:

u = ϕ̇1; v = ϕ̇2;w = ϕ̇3. (18)

Accordingly, after differentiating (18), we obtain:

u̇ = ϕ̈1; v̇ = ϕ̈2; ẇ = ϕ̈3. (19)

The expression for the interaction torque Tm contains the values of second derivatives
of angles, which complicates the application of the numerical method. After substitu-
tions and appropriate transformations, we obtain the final formula for determining the
interaction torque Tm in the form:

Tm =
m · R2(r2 − k

)[ c1(ϕ2−ϕ3)
J21

+ c2(ϕ2−ϕ3)
J22

]
+ m · R3 · (ϕ̇2 − ϕ̇3)

2 ·
√
r2 − k

k + m · R2 ·
(
r2 − k

)
· J21+J22

J21·J22

+
mR3 · (ϕ̇2 − ϕ̇3) ·

√(
r2 − k

)3 + c · R
(
λ0 + h − r +

√
k
)
·
√
k3 ·

(
r2 − k

)

k
[
k + m · R2 ·

(
r2 − k

)
· J21+J22

J21·J22

] ,

(20)

where k = r2 − [r · sinθ0 − R(ϕ2 − ϕ3)]2.
Using the substitutions and replacementsmentioned above,weobtain thefinal system

of first-order differential equations:

u̇ = Td − c1(ϕ1 − ϕ2)

J1
; v̇ = c1(ϕ1 − ϕ2) − Tm

J21
;

ẇ = Tm − c2(ϕ3 − ϕ4)

J22
; ϕ̇1 = u; ϕ̇2 = v; ϕ̇3 = w.

(21)

Initial conditions, considering the transformations and substitutions, will take the
form:

ϕ10 =
Tr
c1

+ Tr
c2

;ϕ20 =
Tr
c2

;ϕ30 =
Tr
c2

; u0 = ω0; v0 = ω0;w0 = ω0. (22)
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3 Results and Discussions

Theoretical calculations of the obtained analytical dependencies and their graphical
interpretation were performed on a PC using the Delphi programming environment.

To implement the numerical solution of the mathematical model described by
Eqs. (20)–(22), a program was developed in the Pascal language within the Delphi
visual programming environment. This program allows for the construction of graphical
dependencies and the investigation of the influence of various system parameters on
dynamic loads in the drive links of the screw conveyor.

The graphic dependencies illustrating the change in the torque magnitude during the
slipping of the half-coupling are presented in Fig. 4.

                                     (a)               (b)

                                     (c)               (d)

                                     (e)               (f)

Fig. 4. Time-dependent plots of the torque moments Td , Tr and Tm during the slip of the half-
couplings: (a) – m = 10 kg, n = 50 rpm; (b) – m = 10 kg, n = 100 rpm; (c) – m = 10 kg, n =
150 rpm; (d) – m = 10 kg, n = 200 rpm; (e) – m = 15 kg, n = 100 rpm; (f) – m = 20 kg, n =
100 rpm.
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The drive torque is equal to Td = c1(ϕ2 − ϕ1), and the moment arising in the
jammed driven half-coupling and screw working element is equal to Tr = c2ϕ3. In the
numerical calculations, the following parameter values were adopted: J1 = 40 kg·m2; J21
= 0.0157 kg·m2; J22 = 0.00925 kg·m2; c1 = c2 = 1600 N·m·rad–1; c = 10000 N·m–1;
h = 4.6 mm; r = 12 mm; R = 60 mm; δ0 = 20 mm. In this case, the rotation frequency
n varied within the range of 50 to 200 revolutions per minute, and the mass of the driven
links m ranged from 10 kg to 20 kg. Based on the conducted dynamic analysis of the
safety coupling operation in the screw conveyor, it has been determined that an increase
in the rotation frequency of the working mechanism leads to an increase in the torque
moments of the system.

The graphs show that when the moment Tr arising in the jammed screw working
element reaches the permissible drive moment Td , i.e., the moment of interaction of the
half-couplings Tm (the moment of the safety clutch operation provided by its design
parameters), the smooth axial deflection of the screw occurs, returning it to its previ-
ous position. In this process, the cause of the working element jamming is eliminated,
reducing the torque moments of the system, and the initial state is restored.

From the analysis of the graphs (Fig. 4, a-d), it has been determined that with a
change in rotation frequency from 50 rpm to 200 rpm, the torque Td increases by 64.8%,
Tr rises by 65.2%, and Tm increases by 63.8%. Also, from the graphs (Fig. 4b, d, e), it
has been established that an increase in mass m of moving links leads to an increase in
loads on the drive. When the mass increases from 10 kg to 20 kg, the torque moment Td
increases by 15.8%, Tr rises by 12.5%, and Tm increases by 17.3%.

The obtained mathematical model allows determining the influence of key param-
eters on the dynamics of the safety coupling operation in the screw conveyor during
overloading of the working mechanism. Thus, by applying the provided mathematical
model, it is possible to select rational design and kinematic parameters for the developed
safety coupling of the screw conveyor with respect to its engagement moment.

Subsequently, it is advisable to conduct research to determine the magnitude of
contact stresses in the engagement elements during the operation of the safety coupling.
This will enable the selection of material for the half-coupling of the safety coupling
in the screw conveyor, ensuring strength conditions under contact stresses. The level of
these stresses is a crucial factor influencing the wear intensity of contact surfaces.

4 Conclusions

Based on the dynamic model of the screw conveyor with the safety coupling, differential
equations of motion for the system elements have been formulated.

Theoretical investigations have resulted in the construction of graphical dependen-
cies illustrating changes in the torque magnitude during the slipping of the half-coupling
of the safety coupling. These graphs serve to explore the influence of various system
parameters on the dynamic loads in the drive links of the screw conveyor. From the
analysis of the graphs, it has been determined that an increase in the rotation frequency
n leads to an increase in the torque of the system.

With a change in rotation frequency from 50 rpm to 200 rpm, the torque Td increases
by 64.8%, Tr rises by 65.2%, and Tm increases by 63.8%. Also, from the graphs (Fig. 4b,



96 V. Bulgakov et al.

d, e), it has been established that an increase inmassmofmoving links leads to an increase
in loads on the drive. When the mass increases from 10 kg to 20 kg, the torque moment
Td increases by 15.8%, Tr rises by 12.5%, and Tm increases by 17.3%.

Based on the conducted dynamic analysis of the safety coupling operation in the
screw conveyor, it has been determined that an increase in the rotation frequency of the
working mechanism leads to an increase in the torque within the system.
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