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Introduction the efficiency of production (Lech, 2001; Gill, 2003;
Loveikin, Rogatynska, 2011; Evstratov et al., 2015;
Lyashuk et al., 2015; Olanrewaju et al., 2017;
Karpeenko et al., 2021). In agricultural and industrial
production, there exists a whole range of machinery for

The equipment for continuous transportation of
agricultural materials is the basis for the comprehensive
mechanisation of the loading/unloading operations that
are implemented to raise the productivity of labour and
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the loading and discharge of bulk materials (grain
crops, compound animal feedstuff, mineral fertilisers,
sand, commercial salt, shredded metal chips etc.).

The completed review has resulted in a conclusion
that, in the case of curvilinear transportation routes,
flexible screw conveyors, the rotating part of which is
designed as several individual screw sections connec-
ted with swivel joints, represent the least resource-
intensive technology for bulk material transportation
(Frey et al., 2012; Hevko et al., 2016, 2017, 2018a;
Trokhaniak et al., 2020). However, the existing flexible
screw conveyors do not fully meet the operation
requirements applied to such types of conveyors. For
example, the use of continuous helical spirals as
flexible augers results in their rapid failure due to the
action of alternating cyclic loads (Olanrewaju et al.,
2017; Baranovsky et al., 2020; Evstratov et al., 2020;
Hevko et al., 2018b and 2020).

Sectioned augers feature structural complexity,
complicated production techniques and high material
intensity, as regards their production. In operation, they
have increased power consumption (Tian et al., 2018;
Hevko et al., 2021) and damage the transported
material and the internal surfaces of the flexible pipes
(Rohatynskyi et al., 2016; Manjula et al., 2017; Hevko
et al., 2019). Hence, developing new designs of the
flexible screw-type operating parts in auger conveyors
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and analysing the selection of their parameters to
improve the operating efficiency of such conveyors is a
task of current concern.

The purpose of the work was theoretical research and
calculation definition of contact stresses in swivel
elements of a flexible shaft in a screw conveyor.

Materials and Methods

To increase the operating efficiency and throughput
of flexible screw conveyors and enhance their process
capacities, the authors have developed various designs
of sectioned augers with ball swivel joints between the
sections.

The sectioned operating part of the screw conveyor is
designed as the identical spirals 1 and 2, each made
from a flat bar with a thickness of sand supported by n
section core rods (Fig. 1). The ends of the spirals are
rigidly attached by their inside edges to the left split-
design bushing 3 and the right splined bushing 4,
respectively. The said bushings are rigidly connected
via the rotation spring coil 5. Inside the spring coil, the
swivel bolt joint passes. The bolt shank 6 is splined and
its free right end is inserted into the right internally
splined bushing so that the splines of the bolt and the
bushing interact with each other.

(Q\

Figure 1. Structural layout (a), general view (b) and 3-D model (c) of auger section for screw conveyor
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The left end of bolt 6 is made in the form of the
spherical head 7, on the surface of which four equally
spaced races with semi-circular cross-sections are
symmetrically positioned on the respective great
circles. The races interact with the balls 9, which are
freely placed in the internal spherical cavities 10 of the
left bushing 3. The spherical surface 7 of bolt 6 interacts
with the semi-spherical aperture 11 of bushing 3. The
latter is assembled from its two halves, which are
rigidly connected with the use of standard methods and
provide for the free rotation of the head 7 of the bolt 6.
Thus, bolt head 7 in the bushing 3 acts as a universal
joint. The two screw sections 1 and 2 are connected by
the bolt joint with the nut 12. To seal the bolt connec-
tion, the shank of bolt 6 is covered with the elastic
jacket 13, which prevents the bulk material from
entering the friction zone.

In Figures 1b and 1c, the general view and 3-D model
of the screw auger section, respectively, are shown. The
sectioned auger operates as follows. When one helical
spiral section rotates, the rotary motion is imparted by
the spiral 1 to the left split-design bushing 3, the ball 9,
the spherical bolt head 7, the splined bolt shank 6, the
right splined bushing 4 and finally to the spiral 2. An
additional rotary motion transmission path is the spring
5, which is rigidly attached by its ends to the left 3 and
right 4 bushings.

To determine the contact stresses, the analysis has
been carried out for the most strained element in the
swivel joint auger, which is the ball that has a contact
at three points with different surfaces in the joint and
transfers the main torque 7 (Fig. 2). As the swivel joint,
the two axes of which are displaced by a certain angle
rotates, the ball moves on the surface of the casing and
the surface of the race. This motion involves sliding,
which implies the rise of friction forces. These forces
depend on many factors. Each friction force is aligned
with the respective instantaneous line of travel of the
ball and is at a right angle to the line of action of the
respective pressure force. The three friction forces Fr,
Fr, and F¢3 are shown in Figure 2. Their lines of action
change in the course of the ball rotation.

Figure 2. Analytical model for determining parameters of
forces acting on the ball, when it transfers torque

The ball is under the action of the three forces Fi, F»
and F; applied to it by the conical cavity, the slot in the
cylindrical bushing and the spherical part of the casing,
respectively. Each of the forces generates significant
contact stresses. The stresses have to be analysed to

determine the design parameters and limits that ensure
the integrity and operating capacity of the swivel joint
structure. At all three points of contact, the types of
contact surfaces are different. The force F; acts in the
area of contact between the ball and the conical surface
of the race. This contact can be analysed as the contact
between the spherical surface and the equivalent
cylindrical surface. The contact in the area of action of
the force F is between the spherical surface of the ball
and the plane.

The last of the three points, where the force F3 is
transferred, features an inside spherical contact. As is
obvious from the above, the contact surfaces in the
three cases under consideration are different. There-
fore, it is necessary to analyse and calculate them indi-
vidually. In the case of the contact between two spheres
(the contact between the ball and the spherical surface
of the bushing), the curvatures in the principal planes
of the bodies have the following values:

Ky =kp ==~ @)

1
R+r
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k21 = kzz =

where r — radius of the ball, R+r — radius of the
spherical surface of the bushing.

As the spherical contact is an inside contact, the
radius of the greater sphere has to be assumed with the
minus sign, therefore, the respective coefficients appear
as follows:

Azszl(l_ ! j: R ®)
r R+r) 2r(R+r)

where 4 is the mean curvature:

Zk:Z(A+B)=r(:Fir)- (4)

The contact patch for a force of F is a circle with the

following radius:
a=g M (5)
2>k

1—V2 . (6)

where

E and v - Young's modulus of elasticity and
Poisson's ratio, respectively, for the material of the ball
and the swivel joint (they are assumed both to be made
of steel).

The maximum pressure on the contact patch surface:

_1 /3':(2'()2 , 7
pO_ﬂ_3 2’72 ( )
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The mean pressure within the contact patch:
2
=Zp,. (8)
p 3 Po

After substituting the expressions for all the coeffi-
cients, the following final formula is obtained for the
calculation of the maximum pressure at the contact
between the ball and the spherical surface of the bushing:

1 3F,R%E?
Pos = —3/— : 5 A ©)
7\ 20 (R+rPl—v2f

The calculation of the contact stresses at the contact
between the ball and the plane is of a similar type, but
the values of the coefficients and the curvature are
determined assuming that the radius of the plane is
equal to infinity (its curvature is equal to zero).

Thus:

A=B=; (10)
2r
zkzz(A+B):%- (12)

After appropriate transformations, the maximum
pressure at the contact between the ball and the flat
surface of the slot in the cylindrical bushing is
represented by the following relation:

o L) 3RE
oz 2r2(1—v2)2

The task of calculating the pressure at the contact
between the ball and the conical cavity is somewhat
more complex. Since the pressure force F; acts at a
right angle to the generatrix of the cone, it is necessary
to assume the interacting contact surfaces as a spherical
one (the ball) and a cylindrical one (the cone), with a
mean radius at the point of contact. The mean radius of
the equivalent cylinder at the point of contact has to be
equal to the radius of the line produced by the
intersection of the cone with the perpendicular plane.

According to Rogatynska et al., (2015):

(12)

Ko K (13)
cos y

where K and K’ —the curvature of the conic section
that is at a right angle to the axis of the cylinder and the
curvature of the conic section that is at an angle yto this
plane, respectively.

Angle y is the cone apex angle, that is, the angle
between the perpendicular to the cone generatrix and the
cone base plane. The cone base radius Ry at the contact
between the ball and the cavity determines the curvature
K" and, taking into account the geometrical considera-
tions, they are calculated by the following formulae:

R, =rcosy; (14)

K’ L

_ . (15)
rcosy

Hence, the curvature of the equivalent cylinder is
equal to:

k=1, (16)
r

while its radius is equal to:

Re=r- a7
The radius of the equivalent cylinder is identical to
the radius of the ball, which significantly reduces the
contact stress at the internal contact.
Using the formula (Grote, Feldhusen, 2007), the
following is obtained:

-1 (18)
2r
B=0. (19)
Accordingly, the sum of curvatures is equal to:
Sk=2(A+B)=1. (20)
r

After substituting the above-mentioned coefficients
into the expression for the calculation of contact
stresses and applying the respective tabulated reference
data, the following formula is obtained for the calcu-
lation of the contact stresses at the surface of the cavity:

0 _04. 3RE?
[t e a—
7 \gr2i—v2f

The values of the forces applied at the points of
contact can be expressed in terms of the torque T:

(21)

Fi-cos y = Fy; (22)
Fl-sin Y= F3; (23)
F2 = T+(NR-cos a) %, (24)

where a — angular displacement of the bolt with a
spherical head; N — number of the balls in the joint.

Finally, the following formulae are obtained for the
calculation of the contact stresses:

0,4 3TE?
Por=—3 5 5 : (25)
7\ 8NRr (1—v )Zcosm:os;/
1 3TE?
Poz =—3 5 5 ' (26)
7\ 2NRr2f1-v2f cos
1 3TRE?t
R : 972 (27)
7\ 2Nr?(R+r) (1—1/ )zcosa

Thus, the formulae have been obtained for the
calculation of the contact stresses in the most loaded
element, which is the ball that has a contact at its three
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points with different surfaces of the structure and takes
part in the transfer of the main torque 7.

It has been established by the authors that various
methods can be used to select such geometric
parameters of the swivel joint that ensure, under the
given contact forces and with the use of adequate
materials, the conditions, in which the maximum
stresses do not exceed the permissible ones.

Results and Discussion

Using the results of the PC-assisted calculations carried
out based on the system of equations (25-27) and
assuming that R=17mm, r=4.75 mm, N=4 and
E=2:10"% N m? v =0.25, the graphic relations bet-
ween the contact stresses and the cavity cone angle y, the
angular displacement of the spherical head bolt o and the
torque T have been plotted, as shown in Figure 3.
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Figure 3. Graphic relations between contact stresses p and
torque T (a), cavity cone angle y (b) and angular displacement

of spherical head bolt & (c): 1= Py, ;2= Pgp; 3= Pys

The analysis of the obtained diagrams (Fig. 3) and
equations (25-27) has proved that, when the parameters
of the joint are selected correctly, the maximum contact
stresses arise at the point of contact between the ball
and the flat surface of the slot in the cylindrical bushing.
They can be calculated with the use of the formula for
poz. The recommended structural limitation range for
the cavity cone angle is approximately 30-50 degrees.
When these limits are exceeded, the stresses in other
elements of the swivel joint sharply rise. The main
element in the transfer of the torque is the contact at the
flat surface of the slot in the cylindrical bushing. The
rather small values of the contact stresses that arise in
the cavity can be explained by the large contact patch
area extending along almost the whole ball seating line.

It has been established that the maximum effect on
the magnitude of the contact stresses p arising in the
elements of the swivelling-section auger is produced by
the torque T (Fig. 3a, its variation within the range of
10-40 Nm results in the stresses p increasing by 35—
37%). The other factors that affect the magnitude of the
contact stresses are the cavity cone surface generatrix
angle y (Fig. 3b, when y increases from 30 to 50°, the
stresses rise by 9-21%) and the angular displacement «
of the spherical head bolt (Fig. 3c, when « varies from
3o 7°, the stresses increase by 0.3%).

To find the optimum design characteristics of the
screw auger sections, computer simulation has been
carried out to determine the contact stresses in auger
components concerning the operating conditions.

Within the Solid Works application environment, a
computer model has been generated for an auger
section in the flexible screw conveyor complete with
the swivel-joint transmission devices attached to the
section. The general view of the model with the applied
load is shown in Figure 4. One intermediate element is
rigidly fixed (shown on the left in Fig. 4), and the torque
is applied to the other one (as shown on the right).

Figure 4. Model of a section with load applied to it

Because of the modelling process, the following
graphic representation of the stresses that arise in the
auger components under the action of the applied torque
(Fig. 5) has been displayed in the application window.
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Figure 5. Diagram of stresses in components of auger section

The analysis of the obtained results has proved the
agreement of the obtained values and the respective
graphic relations plotted on their basis. The comparison
of the computer modelling results and the data obtained
using calculation has shown that the difference between
the corresponding values varies within the range of 11—
26%.

Conclusion

It has been established that the maximum contact
stresses arise at the points of contact between the ball
and the flat surfaces of the slot in the cylindrical
bushing. The recommended range of structural limita-
tion for the cavity cone angle lies within about 30-50
degrees.

It has been proved that the maximum effect on the
magnitude of the contact stresses p generated in the
components of the swivel-joint sectioned auger is
produced by the torque 7 (when it varies within the
range of 10-40 Nm, the stresses p increase by 35-37%).
At the same time, the magnitude of the contact stresses
also depends on the cavity cone surface generatrix
angle y (if y is increased from 30 to 50°, the stresses rise
by 9-21%) and on the angular displacement of the
spherical head bolt a (when « changes from 3 to 7°,
they increase by 0.3%).
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