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Abstract: The paper covers the results of the theoretical and experimental investigation of the developed sectional ope-

rating element of a flexible screw conveyer designed for transporting bulk agricultural materials. In order to determine

the correlation between the design parameters of the hinged screw sections and the minimum permissible radius of

curvature of a processing line, the analytical dependences have been deduced. The results of the experimental studies

aimed at determining the efficiency of a screw conveyer and the level of the grain material damage depending on the

change in design, kinematic and technological parameters of an operating element are presented.
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The set of requirements for conveying agricul-
tural materials is, namely: the minimum energy
costs needed for the material transportation, the
processing reliability, the mobility of loading and
unloading operations, the maximum efficiency of
the material transportation as well as the minor
damage of the bulk materials that are aimed to be
used in their initial form (grain materials, granu-
lated mineral fertilisers, etc.).

The research from Baranovsky et al. (2018) shows
that the transportation of bulk materials by pneu-
matic conveyers with high processing mobility and
efficiency is characterised by high energy costs that
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exceed similar screw conveyer data, which indi-
cates the inexpediency of their application in small-
scale mechanisation.

Several investigations have been conducted re-
cently in order to improve the efficiency of rigid
screw conveyers. The paper by Hevko et al. (2018)
covers the improvement in the performance reliabil-
ity of such conveyers by means of combining screw
operating elements with safety units.

The process modelling of the bulk material trans-
portation and the determination of the optimal pa-
rameters and operating modes of screw conveyers
with their various arrangements are presented in
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the papers (Schlesinger et al. 1997; Merritt 2008;
Lyashuk et al. 2015; Roberts et al. 2015; Rogatynska
et al. 2015; Rohatynskyi et al. 2016; Sun et al. 2017).

In order to decrease the level of the bulk material
damage, elastic elements are suggested to be used on
a working helical surface, Tian et al. (2017). The pa-
pers (Zareiforoush et al. 2010; Hevko 2013; Spokas et
al. 2016) cover the problem of a decrease in the level of
grain material damage as well.

The determination of the optimal design parameters
of loading hoppers and screw conveyer pipes as well
as the operational modes of screw conveyers are pre-
sented in the papers (Klendii 2007; Fernandez et al.
2011; Li et al. 2013; Hevko et al. 2016).

Theoretical and experimental investigations aimed
at determining screw conveyer efficiency are covered
in the papers (Roberts et al. 1999; Owen et al. 2010).

According to the recent research (Hevko 2013;
Hevko et al. 2016), the level of grain material damage
in the process of its transportation by flexible screw
conveyers is lower compared to its transportation by
rigid screw conveyers. It can be explained by the fact
that, in rigid screw conveyers, there is a uniform clear-
ance between the torque screw and the fixed internal
surface of a guiding casing and, if particles get into
it, they become damaged. In flexible screw convey-
ers, an operating element is freely located in an elas-
tic guiding casing and, when it rotates at more than
450 rev-min~!, it is self-centred in its material flow and
can be displaced in the radial direction of a casing,
which provides a decrease in the level of bulk material
damage. Here, the mobility of such conveyer types that
can convey bulk materials along curvilinear routes is
provided by changing the unloading area, thus hav-
ing a stationary area of the bulk material loading. In
order to increase the operating life of screw operating
elements, it is suggested to make them sectional and
hinge-jointed, according to the principle presented in
the paper by Hevko et al. (2017).

Based on the analysis of known studies, it can
be concluded that a comprehensive solution to the
problem of improving the performance of flexible
screw conveyors, which is to reduce the material
consumption of the working bodies, ensuring op-
timal performance while minimising the degree of
damage to the transported bulk materials, needs im-
provement and new research.

The aim of the research is to improve the perfor-
mance of the developed screw operating element of
a flexible screw conveyer by means of determining
its optimal parameters and operating modes.

MATERIL AND METHODS

Determining the dependence of the minimum
radius of the line curvature on the parameters of
an operating element. In order to improve the flex-
ible screw conveyer performance, a hinged sectional
screw operating element was developed by Hevko
(2013). The element makes it possible to convey bulk
materials along curvilinear routes. Its design is pre-
sented in Figure 1.

O
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Figure 1. Design of a sectional screw operating element

and section A-A

1 - plates; 2 — spiral rib; 3 — cylindrical radial pins 4 — square
base; L — the length of the section of the screw working
body; R — the radius of the side plates

While in operation, the screw operating element
rotates in an elastic casing and conveys materials to
an unloading area. The torque between the sections
is transmitted through plates (1), where there is a
spiral rib (2) mounted rigidly on a pair of cylindri-
cal radial pins (3) and a square base (4). While the
conveyer operates along the curvilinear routes, the
plates rotate relative to the pins providing the torque
transmission and material transportation by means
of the spiral ribs. The spiral ribs of the adjacent sec-
tions are arranged with clearance .

The design of the flexible screw conveyer is pre-
sented in Figure 2. There is a re-loading pipe (1),
which fits a loading line (2) in its top part and an
unloading one (3) in its bottom part (Figure 2A) and
a clutch (4) to provide rotation of the operating el-
ements from an electric motor (5). The lines were
made in the form of flexible casings, where the screw
operating elements are arranged. The bulk material
is poured out from a loading pipe to an unloading
one in a re-loading pipe area.

The theoretical calculation was aimed at deter-
mining the relationship between the design parame-
ters of the adjacent screw sections and the minimum
permissible radius of the line curvature .

For this purpose, let us apply the analytical model
presented in Figure 3. Figure 3A shows the arrange-
ment of the sections in the XOY plane and Figure 3B
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Figure 2. (A) The design of a flexible screw conveyer driven
by an electric motor and (B) the general view of a conveyer

1 - loading pipe; 2 — a loading line 3 — an unloading line
4 — a clutch 5 — an electric motor

shows their arrangement in the mutually perpen-
dicular XOZ plane.

When calculating, according to the technological
effectiveness, the section framing was made of two
flat parallel plates being H in width, the lateral sur-
faces of which were R in radius. The amount of clear-
ance at the axial (initial) arrangement of the adjacent
sections between their plates was equal to A .

It is necessary to determine the boundary values of
the angles of the section turn, at which there is plane
interaction that limits the minimum radius of the
line curvature. For this purpose, conditionally, the
left section (1) was arranged to be fixed and parallel
to the OX axis. As for the right section (2), it was first
rotated in the XOY plane and then in the XOZ plane.

Let us determine the minimum angle of turn (po-
sition of section 22 relative to section 2!), at which
the adjacent sections come in contact at point a in
the projection on the XOY plane.

AC
R 1)

where: R — the radius of the side plates; A - the size of
the gap at the axial (initial) location of adjacent sections
between their plates

(Pmin = arCtg(

Let us proceed to the projection XOZ (Figure 3B).
Whenrotatingthe plates of section (2) relative to point O
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Figure 3. The scheme of the calculation of the design
parameters of a hinge joint of the adjacent sections of an
operating element. The (A) front and (B) side view

1 - left section; 2 — right section; R — the radius of the side
plates; O — the center of the section rotations; H — width of
section plates; b— the distance from the center of rotation
of the side plate to its intersection with the axis OY; k— the
size of the gap from the point of intersection of the side
plate with the axis OY to the inner plane of the adjacent
perpendicularly located side plate; a— the angle of rotation
of the sections in the plane XOZ; ¢_. — the minimum angle
of rotation of the section 2; ¢, — the running angle of sec-
tion rotation 2; y.. — the angle between the line connecting
the center of rotation of the side plate with the point c and
the axis OZ at the top of it; CT — the angle between the line
connecting the center of rotation of the side plate with point
a 'and the axis OZ at the top of it; Ac — the size of the gap
at the axial (initial) location of adjacent sections between
their plates; ¢ — points of possible contact of adjacent side

plates; § — the section rotation radius 2

in a clockwise direction, point, with the turning radius

, moves to point , which corresponds to the actual con-

tact of the sections. This turning sector determines the

maximum permissible angle of the section’s rotation

a__in the XOZ plane at the set value of ¢ . .Angle
max min

G,y 18 determined as follows (Equation 2):
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R —
{,py =arctg | ———— (2) k=R+A, - (7A)
(R+4A.) coso;
k
where: { - maximum possible angle between the line g0y = ; (7B)

connecting the center of rotation of the side plate with the
point c and the axis OZ at the bottom of it; for more expla-
nation see Equation (1).

In order to calculate y__, let us previously deter-
mine the value of § (Equation 3):

5=\2R* + 2RA, + A’ (3)

where: 8- the section rotation radius 2; for more explana-
tion see Equation (1).

Then Equation 4:

R )
J2R?+2RA +A’

Y e = AICCOS

where: y - the maximum possible angle between the line
connecting the center of rotation of the side plate with point
a and the axis OZ at the bottom of it; for more explanation
see Equation (1).

The next step of the calculation is the de-
termination of the analytical dependences
that relate to the current angle ¢.. (¢ > ¢ . ) to the
current angle a. (o, > a ) and the design parame-
ters of a hinge joint. Such dependences make it pos-
sible to determine the equal values of ¢.. and & and
afterwards determine the value of R . .

Let us consider the third position of the plates of
section 23, at which they rotate in the XOY plane as
well as in the XOZ plane until their contact at point
&. Let us previously determine the distance x from
the point of intersection of the adjacent plates (point
&) to the OY axis.

The value of k is determined as follows (Equation 5):

k=R+A_—b (5)

where: for explanation see Equation (1) and Figure 3.

The value of b is determined as follows (Equation 6):

R
b= (6)
COSQ

where: for explanation see Equation (1).

Having substituted Equation (6) into Equation (5),
we obtain Equation (7A).
On the other hand we have Equation (7B).

where: for explanation see Equations (1) and (5).

Then we have Equation (8):
R+A - R
g,

where: ¢p = the flow angle of the section rotation 2; for
more explanation see Equations (1) and (5).

In order to determine o let us conditionally ro-
tate section (2) in a counter-clockwise direction.

The dependences to determine angles  and y,
take the following form (Equation 9):

(. = arct -
! SR+ A

C

)

where: for explanation see Equations (1) and (8).

Having substituted Equation (8) into Equation (9),
we obtain Equation (10):
R
CosQ,
R+ A,

2o,

where: for explanation see Equations (1) and (8).

R+A .~ (10)

¢, = arctg

In order to calculate angle y.. the value of 8. should
be previously determined (Equation 11):

_R+A,
cos(,

)

T

(11)

where: for explanation see Equations (1) and (8).
Then Equation (12):

R RcosC;
Yy = arccos— = arccos ———

12
O; R+ A, (12)

where: for explanation see Equations (1) and (8).

Thus, the functional connection between
o, =flg Ry A) is determined from the following
set of equations (Equation 13).

Having been given the specific values of Rand A_and
discretely substituting the angle y,. (upward beginning
from (pmm), firstly, CT is determined, then Yris defined,
taking (. into consideration and then a is determined.
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(o =&+ vp

RcosCT.
Y = arccos R+ AE
3 R+A, (13)
COSQ -
E_,T = arctg m

\

where: for explanation see Equations (1) and (8).

Thus, for various values of R and AC it is possible
to set equal values of a and ¢, which determine the
inter-rotational movements of the adjacent sections.

Applying the set of Equation (13), it is possible to
determine the radius of R, . . At the set length of an
operating element section L (Figure 1), the radius of
the line curvature R . (Figure 2) is calculated by
the dependence given in Equation (14):

RT:L

min

o (14)
2tg T
&)

where: for explanation see Equations (1) and (8).

Experimental plant and experimental proce-
dure. In order to conduct the experimental research,
an experimental plant was developed and made. Its
general view is presented in Figure 4. There is an
electric motor (2) arranged on a base (1) with the func-
tion of longitudinal movement and fixation. It is con-
nected to an intermediate shaft (3) by means of a belt-
and pulley drive. The torque is transmitted by means
of a chain drive (4) from the intermediate shaft to the
drive shaft of a screw operating element, which is lo-
cated in a re-loading pipe (6) and an elastic casing (7).
At the top of a pipe the hopper (5) is arranged.

Figure 4. The general view of an experimental plant in
a pushing mode of its operation

22

https://doi.org/10.17221/25/2019-RAE

The presented version shows the pushing mode of
the conveyer operation, that is to say, the bulk mate-
rial moves from the drive shaft to an unloading area.
In the pulling mode of the conveyer operation, the
flap under the re-loading pipe opens and the frame
is mounted on additional supports to provide the
free spillage of the material at unloading. Here, an
additional pipe hopper is mounted, where the loose
end of a spiral is arranged.

The methodology for the experiment was as fol-
lows. Previously, grain has been poured into the
bunker and transported to the unloading area. An
Altivar 71 frequency converter (Altivar, France)
and PowerSuite software (version 2.5.0) were used
to start the engine and adjust its speed and, accord-
ingly, the screw working body.

Procedure for determining the efficiency of a
flexible screw conveyer. The experimental research
was conducted using the plant presented in Figure 4.
The parameters of the operating element were as
follows: the internal diameter of the casing — 100 mm;
the external diameter of the screw helix — 96 mm,; the
internal diameter of the screw helix — 46 mm,; the helix
pitch distance — 80 mm.

The casing spiral has been made of low carbon steel
grade 0.8kp. The steel grade analogues are 0.8kp; on
DIN - St12, St14; and on CSN — 11304, 11320, 11321.

A rubber-reinforced sleeve with an internal surface
roughness has been used as the elastic casing Rz = 40.

The filling ratio of the conveyor technological line
was within K. = 0.5-0.6.

In order to investigate the conveyer efficiency,
agricultural materials were used in the following
bulk weight: wheat — 720 kg:m~3; peas — 730 kg:-m™>;
mixed feed — 550 kg-m~3; bran — 250 kg-m .

In order to determine the conveyer efficiency,
a plant hopper was loaded with the bulk material.
During the established stable transportation pro-
cess (the casing is filled with material along the full
length), the material was extracted into a measur-
ing bin and the filling time was recorded. Then, the
extracted material was weighed and its volume was
measured. The investigations were conducted with
a five-fold repetition.

Procedure for investigating the level of grain
material damage. The laboratory investigation of
the grain material damage depending on the de-
sign and kinematic parameters of a flexible screw
conveyer was conducted the following way:

Prior to the grain material transportation, three
samples of grain were taken. Then the number of
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damaged seeds was determined and the level of
their damage was evaluated. The seeds with ex-
pelled kernels were not taken into account. Only
the crushed seeds were considered. In determin-
ing the extent of the damage to the grain mate-
rial, it has been transported 25 times by a devel-
oped screw working body in a flexible casing with
a length of 4 m, which corresponded to 100 m of
the total length of the transportation. The trans-
ported grain was backfilled into the bunker and
transported to the unloading area.

The difference in the damage to the grain ma-
terial before and after the transport cycle was to
determine the degree of damage of the grain by
sampling in a measured container. The experi-
ments have been performed in triple frequency at
different parameter values n, m and A.

According to the difference between the number
of damaged seeds before and after their transporta-
tion, the level of grain material damage was deter-
mined depending on the change in the design and
kinematic parameters of the operating element of
the flexible screw conveyer.

RESULTS AND DISCUSSION

Results of theoretical investigations. Accord-
ing to the results of the analysis of Equations 13 and
14, Figure 5 presents the characteristic curves of the
minimum permissible radius of the line curvature
R . vs the value of the angular turn o of the adja-
cent sections at their various length L.

It has been determined that the size of the gap A_
is the dominant factor, in which the condition of the
uniform turning of the sections is provided (¢., = o)
(Figure 3). Thus, a constant value of R=12 mm
for AC =05mm - ¢, =0, =162% for AC =1mm
- ¢ =0, =22.25 for AC =2mm - ¢ =0a, 1% for
A.=3 mm-¢,=a.=36.6" The changing value
of R ata constant value of A_influences the change
of the equal angles of ¢, and o to a less extent.

It has been determined that the dominant param-
eter that influences the minimum permissible radius
of the line curvature R, . is the amount of clearance
between the plates of the adjacent sections.

It is important to mention that in order to provide
the efficient operation of the flexible screw conveyer,
it is necessary to increase the determined minimum
permissible radius of the line curvature for 20-30%
to guarantee the non-contact rotation of the hinged
sections, which eliminates the possibility of emer-
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Figure 5. The minimum permissible radius of the line
curvature R

Tmin

vs the angle a.. characteristic curves

L —lenght; R, . — minimum permissible radius of the line
curvature; a.. —the value of the angular turn

gency conditions and extends the operating life of
the developed operating element.

Investigation results concerning the determi-
nation of the efficiency of a flexible screw con-
veyer. According to the results of the conducted
investigation, Figure 6 presents the characteristic
curves of the screw conveyer efficiency relative to
the frequency of the operating element rotation
when transporting various kinds of material.

Having analysed the curves, it can be said that
the maximum conveyer efficiency when transport-
ing materials of greater bulk weight (peas, wheat) is
within the range of 650-670 rev-min~" and their val-
ues are similar: (7— 7.2 m>h~%; 5-5.2 t-h™!). A further
increase in the frequency of the operating element
rotation results in a decrease in the conveyer effi-
ciency, which can be explained by the smaller intake
volume of the material that has a slower response ata
greater bulk weight and is partially returned back to
the hopper. As for light materials (mixed feed, bran),
there is an increase in the productivity of the screw
conveyor in the full range of the rotation frequency
changes of the working body (540-790 rev-min™).
In this case, the dependency characteristics of bran
transportation is close to a linear one.

The given results can be used in choosing the con-
tainer volume based on the time of the transportation
of the various materials by the flexible screw conveyor.

Results of the experimental research on deter-
mining the level of grain material damage. Based
on the conducted multi-factor experiment and hav-
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ing processed the investigation results, a regression
equation has been obtained for determining the
influence of n, A and m (the mass of an operating
element that was changed by means of applying sec-
tions of various length) on the level of grain mate-
rial damage D (Equation 15).

The factorial field was determined by such a range
of the parameter change: 450 < n < 750 (rev-min™);
3.49 < m < 4.44 (kg'lm™); 0.014 < A < 0.042 (m); Im
— linear meter.

Figure 7 presents the response surfaces ofthe
change in the level of D depending on simulta-
neous change of two factors: A - D =flm, n);
B-D=flA n);C-D=fA n).

It has been determined that the dominant factors
that influence the level of the grain material damage

: ‘3.
3.5
Figure 7. The response surfaces of the dependences: (A)
D = flm, n) (B) =D =f(A,n) (C) - D =flA, m)

D is the amount of clearance A between the screw
ribs of the adjacent sections (Figure 1).

When conducting the experimental studies to con-
struct the regression equation 15 and its surfaces (Fig-
ure 7), the statistics data of the analysis of variance
were as follows: the multiple determination coeffi-
cient — D = 0.065; the multiple correlation coefficient
R = 0.256; Fisher’s criterion F = 1.750; the probability
coeflicient of determination P = 0.98042.

D =20.51+9.38 x 10*n—8.7m—1.23 x 10°A—8.98 x 10 *nm—1.67 x 107° nA +7.22 x 107 mA +

+6.22 x 10°n° +1.22m> +5.77 x 10*A”

(15)

where: D — the damage to grain material; n— screw speed rotation; m— the mass of the working body; A — the distance

between the ends of the spiral adjacent sections.
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The analysis of the response surfaces (Figure 7)
states that the increase in the linear mass of an op-
erating element 7 leads to significant increase in
the grain material damage D, the frequency of rota-
tion of an operating element # has and the smallest
influence. In addition, it can be said that at the fre-
quency of rotation of an operating element being
within the range of 550—-650 rev-min~!, there is the
minimum level of grain material damage observed.

The theoretical and experimental research of the
developed hinged connected sectional screw work-
ing body have made it possible to determine the
optimum limits of its constructive and kinematic
parameters for the efficient operation of the flexible
SCrew conveyor.

Compared with pneumatic conveyors, the analy-
sis and research, which are given in the following
works (Hevko 2013; Baranovsky et al. 2018), and
the proposed type of screw working body is char-
acterised by 8—12 times lower energy consumption
for the process of transporting the bulk materials.

Comparing the work of the hard (horizontal,
inclined and vertical) screw conveyors whose re-
search is described in the articles (Schlesinger et
al. 1997; Merritt 2008; Lyashuk et al. 2015; Rob-
erts et al. 2015; Rogatynska et al. 2015; Rohatynskyi
et al. 2016; Sun et al. 2017), it can be stated that
the proposed construction of the working body is
distinguished by the fact that makes it possible to
transport materials along curvilinear tracks, which
significantly increases the performance of flexible
SCrew conveyors.

The use of continuous flexible screw spirals is
possible with a minimum radius of curvature in
the technological line of about 1.5 m, because the
smaller the radius of curvature of the spiral and
as a result of alternating cyclic loads, they rapidly
collapse (Hevko 2013; Hevko et al. 2016), while
the proposed operating body can operate at
the minimum radius of curvature in the tech-
nological line of about 0.5 m, (Figure 5), which
significantly increases the mobility of the flexible
SCrew COnveyors.

CONCLUSION

To improve the operational performance of flex-
ible screw conveyors, a hinged joint section screw
working body has been developed. It allows the
transportation of bulk materials along the curvi-
linear lines. Due to the use of hinge joints in the
design of such a working body, its operational re-
liability and durability considerably increases in
contrast to the continuous flexible screw working
bodies, which are rapidly break while working on
curved tracks due to the occurrence of alternating
cyclic loads.

The article presents the experimental installation
of a flexible screw conveyor on the given methods
for determining the productivity of transporting
various agricultural materials, as well as the degree
of damage to the grain material.

On the basis of the conducted research, the func-
tional dependences are deduced and the tabular
data of the recommended ratios of the minimum
radius of curvature of the technological line R, .
from the magnitude of the angular rotation a,. of the
adjacent sections at different values of their length
L are given in Table 1.

According to the results of experimental research,
it has been determined that the maximum conveyer
efficiency for transporting peas and wheat is within
the range of n = 650—-670 rev-min~' and their val-
ues are similar: (7-7.2 m®>h™; 5-5.2 t-h™}).

The conducted research on determining the in-
fluence of the values of n, A, m on the level of the
grain material damage D show that the values of A
and T are the dominant factors and the frequency
of rotation of the operating element # has less in-
fluence. If the frequency of the operating element
rotation is within the range of 550-650 rev-min~},
there is minor damage to the grain material.

The use of the proposed sectional screw work-
ing bodies in the designs of flexible screw working
bodies, taking the recommended parameters into
account, will allow the efficient transport of agricul-
tural materials along curvilinear tracks.

Table 1. Recommended ratio of the minimum radius of curvature of the production line

Reyppin = 280 mm Ripin = 330 mm Rypin = 390 mm Ripin = 460 mm Ripin = 540 mm
o < 26° o < 24° ap < 22° oy <20° ap < 18°
L =100 mm L =110 mm L =120 mm L =130 mm L =140 mm
R, .. — the radius of curvature of the process line; a, — the flow angle of the sections in the plane XOZ; L — the length

of the section of the screw working body
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