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Abstract Inorder to carry out experimental research and determine the performance
criteria for the transportation of agricultural materials, a test unit of the combined
screw conveyor has been designed by the authors. The axial speed and capacity of bulk
material transportation on a curved route have been determined for the articulated-
section operating device of the screw conveyor. The calculation has proved that the
angular velocities of adjacent sections are almost the same. As a result of the research
into the power and load parameters of flexible screw conveyors, graphic relations
between the values of the torque T and power N, on the one hand, and the rate of
rotation of the operating device’s drive shaft, on the other hand, have been plotted for
the process of transportation of bulk materials in screw conveyors, when the process
pipeline is fully filled with grain material.
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1 Introduction

Flexible screw conveyors are widely used in the transportation of agricultural mate-
rials in various production processes and efficiently perform the functions required
from them [1]. However, the existing screw-type operating devices cannot fully meet
the performance requirements to such types of conveyors [2]. Continuous auger
flights quickly deteriorate due to the action of alternating cyclic loads, while the
combined and sectioned operating devices are material-intensive parts. Their oper-
ation results in the increased consumption of power and heavy wear of the inner
surfaces of the flexible casings [3, 4].

The completed theoretical and experimental investigations on the conditions in
the zones of the loading and transhipment of bulk agricultural materials in case of
single- and double-line screw conveyors as well as the intake of the materials by
active loading spouts have provided for selecting the rational design, kinematic and
dynamic parameters of the operating devices as well as their operating conditions
[5-T7].

In the papers [4, 8], the parameters and operating conditions are determined for
vertical and inclined screw conveyors transporting agricultural materials and the
rational parameters are established for their operating devices. The results of the
research into the motion of materials in screw conveyors with rotary casings are
presented in the paper [9].

The development and analysis of screw conveyors as well as their contribution to
the damaging of materials are discussed in the papers [10].

In view of the above-said, it is necessary to improve the existing and develop new
designs of auger operating devices for screw conveyors, determine their optimum
design and kinematic parameters that would provide for raising their performance in
the process of transporting agricultural materials.

The application of swivel-joint screw operating devices can ensure high effi-
ciency in the performance of loading/discharge processes in the transportation of
bulk agricultural materials on curved routes.

The aim of the research was to raise the performance efficiency of flexible screw
conveyors in the transportation of agricultural materials by way of developing new
auger-type operating devices.

2 Materials and Methods

In order to improve the performance of screw conveyors, the authors have developed
the design of a sectioned shaft with a radial ball connection between the sections
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Fig. 1 Structural layout of articulated shaft a and picture of articulated-section screw operating
device b

(Fig. 1). At the right end of each section, the cylindrical bushing 1 is fixed. The
latter has a system of parallel slots 2, which are placed with equal spacing on the
circumference and interface the rolling elements 3. On the other side, the rolling
elements 3 are contained in the inner spherical surface of the bushing 4, which
enables the swivelling rotation of the spherical pivot 5.

On the opposite side of each section, inside its left end, the connecting bushing
6 equipped with the square or profiled hole 7 is rigidly installed normally to the
centreline of the section. The respective end of the spherical pivot 5 from the adjacent
section is inserted into the hole 7 and rigidly fixed in it with the nut 8. On the outer
circumference of the connecting bushing 6, the linking rods 9 are rigidly fixed with
equal spacing. The opposite ends of the linking rods 9 are connected to the outer
surface of the bushing 1. Onto each cylindrical section, a screw section is attached
(Fig. D).

When a section of the auger is rotated, the rotational motion is transferred via the
rolling elements 3 to the spherical pivot 5 and to the adjacent screw sections.

In order to analyse the process of the bulk material transportation by the screw
conveyor with an articulated-section screw operating device, the axial velocity of the
bulk material in a horizontal high-speed screw conveyor is determined with the use
of the following relation [11-13]:

Ts (a) - wk)
Vax = o

1
where T — lead of helix; w — angular velocity of the bulk material; w; — angular
velocity of the circumferential component of motion of the bulk material. The relation
(1) can be represented in the following form:
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where

ks
k, = ,
" tanOtan(@ + @) + 1

@)

where: 6 — angle of lead of the section helix; ¢ — friction angle of the bulk material
with respect to the surface of the helix, where ¢ = arctan p1; ;- friction factor; k;
— coefficient that represents the design solution of the sectioned screw conveyor, k;
= 0.98-0.99.

In case the bulk material is transported at an angle of « to the horizontal surface,
its axial velocity is reduced, which is taken into account with the coefficient k,:

Vaxvt = Vax * koz~ (3)

In case the sectioned screw conveyor is positioned vertically [14-16]:

[tan (6
kazl_sczl_ﬂzl_ M 4)
w Hap

where S, — coefficient of dynamic similarity; p — power-speed coefficient, p = ==

R, — external radius of helix, g — acceleration of gravity, g = 9.81 m s2.

Accordingly, the axial transportation velocity of the bulk material in the vertical
part of the flexible screw conveyor is equal to:

_ gtan(0+¢)
Tyw kg[l V @R,

2 tan@tan(® +¢) + 1

®)

VaxB =

In case of a flexible conveyor, in which the route turns in space, but the loading
is done in the horizontal direction, under the condition of maintaining a constant
capacity of Q = const along the route, the coefficient of charge ¥ at the loading
point has to take into account its changing as a result of the changes in the axial
velocity of transportation [17]:

YoVo = Yo Ve (6)

Therefore, the amount of the change in V,, on the transportation route is extremely
important. The change in the axial velocity of transportation can be approximated
by the parabola of the following form:

20 \*
Va = Vh - (Vh - Vw)(;) b (7)
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where V), and V,, — horizontal and vertical components of the transportation velocity,
respectively. for a = 90° we can write V,, =V}, - k.
Taking into account the expression (4),

vo—v.|1- sé<_> : ®)
g

or

1
Vo=V, |:1 - —
w UaR, T

gtan(0 + ¢) (2_Ot>x:| ©)

where the parameter A depends on the rheological properties of the bulk material and
to a first approximation can be assumed to be equal to A = 2. Therefore, the curve
presented in expression (9) can be considered a parabola and the dependence of the
velocity V,, on the angle a can, in the first approximation, be considered parabolic.
In the case of a freely suspended screw conveyor, the centreline of the flexible
auger has the form of a catenary line, which varies according to the following relation:

y:a(ah;ﬁ — 1), (10)

where the parameter a depends on the elevation of the discharge end opening and
can be determined from the following relation:

h I,
—+1=ch<—), (11)
a a

where h — elevation; [, — horizontal projection of the conveyor length.
The current angle of pipeline inclination is determined by the following relation:

d
tano = & shf, (12)
dx a
whence
X
o= arctan(sh—). (13)
a

Hence, in case of a freely suspended flexible (sectioned) screw conveyor, the axial
velocity of the bulk material transportation is equal to:

1 |gtan(® + ¢) (Zarctan(shi;‘))x (14

Vaxa=Vp| 1 ——
axa h ® M2Rc T
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The coefficient of charge v, in the most unfavourable cross-section may not
exceed ¥, < 0.7. Accordingly, in the loading area, the rational coefficient of charge
has, in accordance with (6), to be equal to:

AL
S,

Vo =0.7 - k. (15)

The screw conveyor capacity is determined by the following relation:
0 =7V, Vara(R} — RY), (16)
where R — curvature radius of the pipeline.
The capacity of the screw conveyor with a changing transportation route is
determined on the basis of the following relation:
N=Q L-w, 17)
where w — specific power input for the transportation:

uz-p-R?-w§c~w~cosﬂ
= 7

w , (18)

where L — length of transportation; @, — angular velocity of the section; V, —
axial speed of material transportation by a hinged-sectional working body of a
screw conveyor along a curved track; 8 — is the angle of inclination of the material
transportation trajectory.

The axial velocity and capacity of the bulk material transportation performed by
the articulated-section operating device of the screw conveyor on the curved route
have been determined.

For a flexible (sectioned) screw conveyor with a changing route, the elementary
power is input for the transportation of the bulk material on an interval d/ and is
determined by the following relation [18]:

AN = 0 - w(l)dl, (19)
ZCI)CUZ- cos
where w(l) = tapReow, @) coslp fo((ll)) olP0)

In accordance with (1), the angular velocity of the flow is found by the following
formula:

27 Vixa

T. (20)

Wfqg = W —
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The inclination angle 8 of the bulk material transportation trajectory is determined
by the formula:

Vaxa VH.X(X
tan B = = . 21

Cl)fa Rc I:w — 2”]Yam :IRC

Axial speed of material transportation by a hinged-sectional working body of a
screw conveyor with a curved track V, take equal V.

Hence, the bulk material transportation capacity of the flexible (sectioned) screw
conveyor with a changing transportation route is determined by the following relation:

(a) - —2”¥“"“ )2 cos B

Vaxa

N = Q?w(l)dl = Q,uszfw} dl. (22)
0 0

It should be noted that V,,,, depends on the length of the transport, since x is a
horizontal projection L, i.e. length of transportation.

From the obtained analytical dependence (23), it can be seen that with an increase
in the angle B of inclination of the material transportation trajectory, the values of
the energy-power parameters of this screw conveyor increase, and an increase in the
pitch of the screw turns in the direction of material movement leads to a decrease in
the energy-power parameters of transportation.

In the ball joint drive, the same as in case of the universal-joint drive, the swivel
joint transfers the rotary motion with certain non-uniformity, which is caused by the
shift of the sections with respect to each other due to the motion of the balls.

The basic fixed coordinate system Oxyz is chosen as follows. Its origin O is placed
at the centre of the swivel joint, the axis Ox is aligned with the centreline of the first
section, the axis Oz is aligned with the axis of rotation with respect to the first section
(Fig. 2). Accordingly, the rotated (by an angle of o) coordinate system has its axis
O'x’ aligned with the centreline of the second section, its axis O’z’ is aligned with
the axis Oz.

*a 3 hY

a b

Fig. 2 Schematic model of swivel-joint drive: a — side view; b — front view
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Additionally, for each section its own couple of coordinate systems is assigned —
Ocx.ycze and Olx.ylz., which are rigidly connected with the respective sections
and at the initial instance r = 0 coincide with the above-mentioned basic and rotated
coordinate systems.

For the transition from one coordinate system to the other, the homogeneous
coordinate systems Oxyzl, O'x"y'z'l, Ocx;yezc1, Olx.y.z.1 are used.

Hence, the rotation of one section (0,.x_.y,z..) in the basic coordinate system Oxyz
about the axis Ox can be represented in the matrix form as follows:

x cos(wt) —sin(wt) 00 Xc
y|_ sin(wt) cos(wt) 00 Ye (23)
z 0 0 10 Zc
1 0 0 01 1

In the coordinate system O.x.y.z., the equation of the working surface of the
upper slot is as follows:

—z.—1r =0, 24)

where r — radius of the ball (half of the slot width).
In the basic coordinate system, the equation of the rotating surface of the slot is
as follows:

ysin(wt + ¢;) — zcos(wt + ¢;)) —r =0, (25)

where ¢; = 0 for the upper slot, ¢; = (i — 1) for the slot of the following i-th ball.
The rotation of the coordinate system O/x_y.z. relative to the rotated coordinate
system O.x.y.Z. is described by the similar relation (23).
Accordingly, the i-th ball will have the following current coordinates of its centre

Y A

in the coordinate system O’x’y’z’":

1

C, {x;i =0;y,; = Rcos(@'t +¢'); 2,; = sin(w't + (p/)}.

The relation between the system Oxyz and the rotated coordinate system O'x’y’z’
in the matrix form is determined by the rotation of the second section through the
angle (-«) (acc. to Fig. 2).

Accordingly:
X cosa sina 00 0
y —sina cosa 00 Rcos(w't + ¢) (26)
z 0 0 10 Rsin(@'t + ¢')
1 0 0 01 1
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In the fixed coordinate system O’x’y’z’, the current coordinates of the balls rolling
together with the second section are:

Xei = Rsinasin(w't +(P;)§
vei = Rcos acos(w't + (P;)Q @7
Zei = Rsina cos(w't + <,0,/')-

The next step is to break provisionally the kinematic link between the sections and
allow each of them to move independently with the same angular velocity: o’ = w.

In that case, the coordinates of the ball centres will be described by the relations
(27) at ' = w, ¢’ = @, their distances from each of the flat surfaces of the slots are
determined by means of substituting their coordinates into the Eq. (25):

I = |Rcosacos(wt + ¢;)sin(wt + ¢;) — Rsino cos(ot + ¢;) —r|. (28)

It is obvious that at t = 0, [ = r, that is, ball 1 touches the surface of the slot.
Also, due to the smallness of the angle «, we can take sin o =~ sin(wt + ¢;).
The expression (28) can be transformed as follows:

I =|R(cosa — 1 4+ l)cos(wt + ¢;)sin(wt + ¢;) — Rsin(wt + ¢;)
cos(wt + ¢;) —r|
= |R(cos o — 1)cos(wt + ¢;)sin(wt + ¢;) — r|
Rsin[2(wt + ¢;)1(1 — cos o)
= 3 +r

(29)
At the current instance ¢, the ball in the broken kinematic link lags behind the

surface of the slot by the following amount:

_ Rsin[2(wt + ¢;)](1 — cos o)
o 2

Al=1—r

(30)

The analysis of the relation (25) indicates that at the instance, when ¢; = 0,
$r=5,03 =T, 04 = 37” there is no clearance between the ball and the surface
of the slot. However, the clearance in the intermediate states results in the following
angular deviation Ag of the ball:

Agp = arcsin{(l — cos a)sin[2(wt + ¢;)]}.

Respectively, when the kinematic link is closed, the second section will be
displaced relative to the first one through the following angle of rotation:

W't + @, = ot + ¢ — Ag.
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Thus, the angular velocity of the next section is determined by the following
relation:

, Ap arcsin{(l — cos a)sin[2(wt + ¢;)]}
w=w—-—=w— .

- - 3D

The analysis of the relation proves that the angular velocities of the adjacent
sections are almost equal to each other.

In order to carry out experimental research into the performance of the screw
conveyors in the transportation of agricultural materials, a test unit of the combined
screw conveyor has been developed. The unit comprises the loading pipeline 1 and
the discharge pipeline 2, as shown in Fig. 3a. They are made in the form of closed
casings 3 and 4 with round cross-sections, in which the helical spirals 5 and 6 are
installed. The helical spirals are connected to the drive shafts 7 and 8 of the motors
9 and 10.

In the area of the drive shafts, the pipelines are connected with each other via the
two Sects. 11 and 12 of the transfer pipe. Each section is connected at one end to the
opening in the closed casing 3 or 4, respectively, their other ends are connected with
each other. The helical spirals are installed so that their centrelines coincide with the
axes of the motor drive shafts. The pipelines in the area of their connection by the
transfer pipe sections can be positioned as in the horizontal plane (Fig. 3b), so in the
vertical one (Fig. 3c).

In the course of operation, the bulk material is fed into the intake area of the
loading pipeline, then the spiral 5 in the casing transports it towards the transfer

A v
A i s y
\ /* \ ’Bu[g:
\ Y L/ Y
\.f’\\.r NEf N ;
v v/ v I
/ L \
24 6 12 l_;{ 8 10
a b [
1
4 2
9 13 |||
w LI
1
11
d e

Fig. 3 Schematic model of flexible screw conveyor: a — general view; b —horizontal arrangement of
pipelines; ¢ — vertical arrangement of pipelines; d — single pipeline alternative of loading conveyor;
e — single pipeline alternative of discharge conveyor
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pipe. Thereafter, the material from the transfer pipe is transferred onto the spiral 6
and transported to the discharge area.

The conveyor can also be operated as a single pipeline. In that case, the transfer
pipe sections are equipped with respective special devices: discharge window 13 is
installed on the loading pipeline, loading hopper 14 — on the discharge pipeline.

In the first case, the single pipeline conveyor operates in the intake or loading
mode (Fig. 3d), in the second case — in the feeding or discharge mode (Fig. 3e).

During the experiments, the bulk agricultural material is fed from the hopper into
the loading pipeline, the operating device transports it to the transfer pipe of the test
unit, then the operating device in the discharge pipeline carries it to the discharge
area.

For the analysis of the obtained results, the graphic relations have been plotted
between the torque 7" and the motor capacity N, on the one hand, and the oper-
ating device rotation frequency n, on the other hand, at different values of the bulk
material lifting height 4 and the process pipeline curvature radius Ry. The peak
(maximum) values of the data obtained in the experiments have been used for plotting
the diagrams.

In the experiments, the values of torque and motor capacity were recorded as
percentage of the nominal ratings. The motor capacity was determined as the product
of the motor power rating (2.2 kW) and the value for the selected mode of operation.
The same was applied to the torque.

The experimental investigations were carried out with the use of the 3.5 m long
material transportation pipeline. Wheat grain, peas and commercial salt were used
as the bulk material.

3 Results and Discussion

Basing on the results of the completed experiments, the graphic relations have been
plotted that show how the values of torque 7 and capacity N change with the operating
device drive shaft rotation frequency, in case the process pipeline is fully filled with
bulk agricultural material (Fig. 4).

The analysis of the graphic relations has proved that a rise in the operating device
rotation frequency n from 300 to 600 rpm results in the reduction of the torque 7,
the decrease is AT = 7.4% for wheat grain, for commercial salt AT = 5%.

As regards the capacity N, the relation shows a rather clearly marked trend of the
linear growth of N with the increase of the operating device rotation frequency. For
example, in case of wheat grain AN = 54%, in case of commercial salt AN = 59%.

Also, experimental research has been carried out with a purpose of determining
the effect of changes in the material lifting height 4 and process pipeline curvature
radius Ry on the values of the torque T and capacity N of the conveyor drive, when
transporting commercial salt, wheat and peas.

In view of the fact that in the previous research the effect of changes in the
operating device rotation frequency on the value of the torque was analysed in detail,
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kY4
1
= 29 ——
z
—
4 2%
g
\
23 1
x
20
300 375 450 525 600
Rotational rate n, rpm a)
1.5
1.25
=
.
=
5 10
0.75
0.5
300 375 450 525 600

Rotational rate », rpm b)

Fig. 4 Graphic relations between torque 7" a and power N b and operating device rotation frequency
n: 1 — commercial salt; 2 — peas; 3 — wheat

in the described experiments the operating device rotation frequency was maintained
constant, its value was equal to 450 rpm.

Using the results of the experimental research, the graphic relations have been
plotted between the value of the torque output by the drive of the articulated-section
screw operating device, on the one hand, and the height 4 of the material motion path
(Fig. 5a) and the curvature radius Ry of the process pipeline (Fig. 5b), on the other
hand.

The analysis of the diagrams (Fig. 5a) indicates that an increase in the process
pipeline curvature radius Ry, from 0.6 to 1.8 m results in the reduction of the torque 7,
the decrease AT is equal to 14% for wheat grain, for peas AT = 13%, for commercial
salt AT = 10%.

The analysis of the graphic relations (Fig. 5b) has proved that an increase in the
height of the bulk material motion path from 0.3 to 1.7 m brings about a growth in
the torque 7', where the increase AT is equal to 25% for wheat grain, for peas AT
= 30%, for commercial salt AT = 29%.
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Torque 7, N-m

279

0.6 09 1.2 1.5 1.8
Radius of rate R, m a)
44

Torque 7, N'm
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Fig. 5 Relations between torque 7 imparted to operating device and process pipeline curvature
radius Ry a and material motion path height 4 b at n = 450 rpm: 1 — commercial salt; 2 — wheat;
3 — peas

4 Conclusions

On the basis of the completed research into the power and load parameters of flexible
screw conveyors, the graphic relations have been plotted that show, how the values
of the torque T and capacity N change during the transportation of bulk material by
a screw conveyor, when the conveyor operating device drive shaft rotation frequency
changes, provided that the process pipeline is fully filled with grain material.

It has been established that an increase in the operating device rotation frequency
n from 300 to 600 rpm results in a decrease in the torque 7', where the decrease AT
is equal to 7.1% for wheat grain, 7.4% for peas, for commercial salt AT = 5%.

As regards the value of the capacity N, the obtained graphic relations show a
rather clearly marked trend of its linear growth, when the operating device rotation
frequency is increased. For example, in case of wheat grain AN = 50%, in case of
peas AN = 54%, for commercial salt AN = 59%.

On the basis of the results of the completed research into the effect of changes
in the curvature radius of the process pipeline with an articulated-section operating
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device on the torque, it has been concluded that an increase in the process pipeline
curvature radius Ry from 0.6 to 1.8 m results in a decrease in the torque 7. In case of
wheat grain the decrease AT is equal to 14%, in case of peas AT = 13%, in case of
commercial salt AT = 10%.

At the same time, it has been established that the torque T increases, when the

height, to which the bulk material is raised in its motion, is increased from 0.3 to
1.7 m. The torque increase AT is equal to 25% in case of wheat grain, for peas AT
= 30%, for commercial salt AT = 29%.
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