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Abstract

The process of adapting a screen separator to seeds of a given species and variety requires
a corresponding set of replaceable screens. Screen replacement is a time-consuming process. Screens
are often selected from the available size range, therefore, cleaning and separation processes are not
always optimized. This study proposes a design concept of a new device for cleaning and separating
seeds, which features a conical bar screen that rotates around its own axis. The screen has grooves
whose width is smallest at the beginning of the screen and increases along the screen surface. Seeds
can be sorted into various size fractions by changing the position of collecting buckets under the
screen. The functional parameters of the separating device were designed based on a review of
publications describing the size of the most popular agricultural seeds. The basic geometrical
relationships in the proposed conical bar screen were described. The geometrical parameters of the
screen were selected on the assumption that the radius at which bars are fixed to the screen can range
from 200 mm to 400 mm and that bar diameter can range from 5 mm to 10 mm. Two variants of the
device were proposed as a replacement for one universal separating screen. The first variant will be
used to sort small seeds, including seeds of small-seeded legumes, seeds of major cereal species and
medium-sized seeds with dimensions similar to cereal seeds, whereas the second variant will be
applied to separate large seeds, including seeds of large-seeded legumes and plumper seeds from the
medium-size fraction. The width of grooves at the beginning and end of the screen should equal 1 mm
and 5 mm in the first variant and 2.5 mm and 13 mm in the second variant, respectively.

Symbols:

CV - coefficient of variation of a trait [%],
d - bar diameter [mm],

L - length of bar screen [mm],

n - number of grooves in the screen,
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r1 - bar spacing at the beginning of the screen [mm],
re — bar spacing at the end of the screen [mm],
R; - radius at which bars are fixed to clamp rings at the beginning of the screen [mm],
R, - radius at which bars are fixed to clamp rings at the end of the screen [mm],
s - groove width at distance x from the beginning of the screen [mm],
s1 - groove width at the beginning of the screen [mm],
ss — groove width at the end of the screen [mm],
SD - standard deviation of seed thickness [mm],
x - distance from the beginning of the screen [mm],
B - base angle of a conical screen [degrees],
y - opening angle of a conical screen [degrees].
Introduction

Seed mixtures are most often cleaned and sorted with the use of pneu-
matic and screen separators on account of their high efficiency (GROCHOWICZ
1994). Every screen separator is equipped with a collecting bucket and a set of
mostly flat screens. Screens have openings that are formed through the
appropriate arrangement of wires or perforations in sheet metal. The shape
and size of openings is designed based on the separator’s efficiency and the
species of separated seeds. The openings in every screen have identical
geometry and dimensions. The seeds are separated into two fractions: the
fraction that is retained by the screen (retained fraction) and the fraction
that passes through the screen (sifted fraction). The screens installed in
collecting buckets are set at an angle to ensure that the retained fraction is
set into motion by a moving bucket and to guarantee the continuity of the
sorting process.

Most separators are equipped with a set of screens. Screens are replaced to
account for the parameters of different seed species or same-species batches
with various seed plumpness. This laborious process has prompted researchers
to design new devices where the seed separation process, regardless of crop
species, would not require time-consuming modifications. One of such sol-
utions involves a string sieve where strings are stretched between horizontal
bars (KALINIEWICZ 2013b, 2015). At the beginning of the screen, strings are
attached to a bar in a single row at equal distances, and at the end of the
screen, strings are attached to at least one bar, where one string is placed
under another to create grooves whose width increases with the distance from
the beginning of the screen. Seeds are sorted into various size fractions by
changing the position of collecting buckets under the string sieve. A theoretical
analysis of the sorting process (KALINIEWICZ 2013a) revealed that seeds are
propelled into motion when the string sieve is positioned at an estimated angle
of 45°, and to ensure the continuity of the sorting process, the string sieve
should be set at an angle of around 50°. The choice of such a large inclination
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angle leads to an excessive increase in the dimensions of the screen separator,
in particular height, and lowers separation efficiency. To avoid the above
scenario, the inclination angle of a string sieve should not exceed 10°, and seeds
should be propelled into motion by a moving collecting bucket (KALINIEWICZ,
DoMANSKI 2013). In the analyzed case, the angular velocity of the transmission
shaft has to be higher than the speed of conventional collecting buckets
because at lower angular velocity, seeds will be wedged in grooves, thus
clogging the screen. Due to the numerous disadvantages of such separators,
the solution proposed in this study was based on a conical bar separator
(JADWISIENCZAK et al. 2016).

The aim of this study was to analyze the structure and geometrical
parameters of a conical bar separator, and to determine whether it can be
adjusted to clean and separate seeds of basic crop species.

Materials and Methods

In the present experiment, the parameters of a conical bar separator were
selected based on geometrical relationships between the separator’s working
elements and the physical properties of seeds. This study is constitutes the
first stage of comprehensive research investigating the conical separator. The
next stages of research will include the development of a mathematical model
of the seed separation process carried out with the use of the proposed
separator, and experimental verification and validation of the model. Our
findings will be discussed in separate articles.

The following assumptions were made in the initial stages of designing
a conical separator:

— the separator is to replace a conventional screen separator for cleaning
and sorting agricultural seeds, equipped with replaceable screens with longi-
tudinal openings,

— the working element of the proposed separator is the inner surface of
a truncated cone with grooves along the perimeter. Groove width increases
towards the end of the screen,

— the screen is positioned at a small angle to move seeds towards the end of
the screen when it is set in rotary motion,

— the screen is composed of bars with identical diameter, permanently
attached to two clamp rings (Fig. 1) with a smaller diameter at the inlet and
a larger diameter at the outlet,

— groove width at the beginning of the screen is smaller than the thickness
of the smallest seeds of the principal species, and groove width at the end of the
screen is larger than the thickness of the largest seeds of the principal species,
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— the screen can be formed by bars which have different sections (circular,
square, triangular, hexagonal, etc.) and are made of various materials,

— collecting buckets for different seed fractions are positioned under the
screen.

i

Fig. 1. View of a conical bar screen

Results and Discussion
Geometrical relationships in a bar screen
The screen will be composed of cylindrical bars with diameter d (Fig. 2).
Bars will be fixed to clamp rings at equal distances, and the size of the resulting
grooves will change from s; to s; between the beginning and end of the screen.

Bar spacing at the beginning and end of the screen can be calculated with the
use of the below formulas:

r1=81+d (1)
ro =8 +d (2)

The following relationships can be derived based on the n number of
grooves along the screen perimeter:

2n-Ri=n-nr 3)

2w -Ra=n-re 4)
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7

Fig. 2. Arrangement of bars in a conical screen: a — rear view, b — top view
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Formulas (1) and (2) are substituted and equation (3) is divided by
equation (4) to produce the following dependence:

2-71'-R2=n-(32+d) )
2Ry n-(s1+d)

which can be transformed to:

so+d

Ry =R, -
? 181+d

(6)

The above formula suggests that radius R. at which bars are fixed to the
ring at the end of the screen is determined by four parameters: radius R; at
which bars are fixed to the ring at the beginning of the screen, groove width s;
and s; at the beginning and at the end the screen, respectively, and bar
diameter d.

Groove width at a given point on the screen is determined by the distance
from the beginning of the screen. In line with the similar triangles theorem,
the result is:

(s —s1) _ (s2—s1)

" 7 (7

Formula (7) is transformed, and groove width s is calculated with the use of
the below equation:

_ (5o —1;91) X Ls ®)

Seeds whose thickness is identical to the calculated groove width should
pass through the screen at that point into the corresponding collecting bucket,
whereas thicker seeds should be set into motion by the rotating screen and
should move along the rotation axis until they reach a groove opening with the
corresponding size.

Based on general trigonometric identities, the opening angle y of bars can
be calculated with the use of the below formula:

Sg — 81
= tg —— 9
y = arc tg 7 9)
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The slant height of a truncated cone meets the cone axis at angle g which
can be determined from the below trigonometric equation:

. R; - R,
== 10
sin 7 (10)
Equations (1) to (4) are substituted into formula (10) to produce:
. . n - (s3—81)
B = arc sin ———— 11

2-rm-L

Geometrical parameters of seeds

The process of designing new devices for seed cleaning and sorting requires
knowledge about the physical properties of the separated material
(GROCHOWICZ 1994). The relevant data are used select the appropriate screen
and the sequence of separation processes to produce material of desired quality
(GROCHOWICZ 1994, MAJEWSKA et al. 2000). Information about the physical
parameters of seeds is also needed when modeling and designing other
processes, including seed production, harvesting, transport, cleaning, sorting,
drying, storage and processing (GROCHOWICZ 1994, CALISIR et al. 2005, ALTUN-
TAS, DEMIRTOLA 2007, BOAC et al. 2010, KALKAN, KARA 2011).

Seeds of the same crop species and variety can also differ in plumpness.
Their parameters are influenced by many factors, in particular soil and
climatic conditions, cultivation practices, genetic factors, moisture content and
even position on the maternal plant (GEODECKI, GRUNDAS 2003, CALISIR et al.
2005, ALTUNTAS, DEMIRTOLA 2007, YALCIN et al. 2007, KALKAN, KARA 2011,
GRZESIK et al. 2012, MIRZABE et al. 2012, KiM et al. 2014). The designed device
poses an alternative to screen separators with longitudinal openings, there-
fore, the basic geometrical parameters of the separated seeds, in particular
distribution of seed thickness, have to be determined.

Table 1 presents the parameters of seeds of principal crop species with
moisture content adequate for storage, without classification into groups based
on varieties and cultivation practices (the relevant references are cited under
the table). The thickness of small seeds (group I — rapeseed, mustard) ranges
from 1.1 to 2.5 mm. The thickness of medium-sized seeds (group II) ranges
from 1.2 mm (oats and rye) to 6.1 mm (vetch). In the group of principal cereal
species (group ITa), seed thickness varies from 1.2 mm to 4.7 mm. The greatest
variation in thickness is observed in the group of large seeds (group III).
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Table 1
Range of variation in the geometrical properties of selected seeds
. Seed dimensions
Size Species Seed thi i References
fraction group ickness width length
[mm] [mm] [mm]
Small mustard I 1.1-2.4 1.1-2.7 1.4-3.0 3, 36
rapeseed 1.2-2.5 1.6-2.8 1.7-2.8 1, 3,9, 23
barley 1.4-4.7 2.0-5.0 7.0-14.6 4, 14, 15, 21, 23
oats 1.2-3.6 1.4-4.0 8.0-18.6 4, 15, 23
rye ITa 1244 1.5-4.9 5.0-10.5 10, 22, 27
triticale 1.7-4.2 1.9-4.3 5.3-104 10, 29, 37
Medium wheat 1.4-3.9 1.6-4.5 4.3-10.2 4,7,10, 23,24, 33
buckwheat 2.0-4.2 3.0-5.2 4.4-8.0 4, 6, 16, 35
rice b 1.6-2.5 2.0-3.6 5.3-9.8 19, 23
sunflower 1.7-6.0 3.5-9.9 7.5-24.3 4, 23, 28
vetch 2.0-6.1 3.2-6.3 3.2-7.5 4,12, 35
corn 2.6-12.8 4.8-16.4 77-20.3 18, 23, 25, 30, 32
faba bean 3.1-9.9 4.8-12.9 7.1-21.8 2, 31, 34, 35
Large lupine 111 2.9-8.5 3.1-8.5 3.9-13.6 5, 8, 11, 20, 35
pea 3.5-10.1 3.7-10.2 4.0-10.5 4,17, 20, 35
soybean 3.3-8.1 5.0-9.5 5.2-11.2 18, 23, 26

1 - Rawa et al. (1990), 2 — MIESzKALSKI (1991), 3 — CHoszcz, WIERZBICKI (1994), 4 — GRocHOWICZ (1994),
5 — ZDUNCZzYK et al. (1996), 6 — KM et al. (2002), 7 — MABILLE, ABECASIS (2003), 8 — MANKOWSKI (2004),
9 — CALISIR et al. (2005), 10 — HEBDA, MICEK (2005), 11 — LEMA et al. (2005), 12 — TASER et al. (2005),
13 — CoskuN et al. (2006), 14 — RyBINsK1, SzoT (2006), 15 — HEBDA, MICEK (2007), 16 — KraM et al. (2007),
17 - YALQIN et al. (2007), 18 — CHo et al. (2008), 19 — VARNAMKHASTI et al. (2008), 20 — RYBINSKI et al.
(2009), 21 — SYKOROVA et al. (2009), 22 — ZDYBEL et al. (2009), 23 — Boac et al. (2010), 24 — KaLkaN, Kara
(2011), 25 — TaRIGHI et al. (2011), 26 — XU et al. (2011), 27 — JouxkI et al. (2012), 28 — MIRZABE et al.
(2012), 29 — TomPoROWSKI (2012), 30 — BaBIC et al. (2013), 31 — KarA et al. (2013), 32 — AKINYOSOYE et al.
(2014), 33 — KM et al. (2014), 34 — SuNDARAM et al. (2014), 35 — KaLiNiEwicz et al. (2015),
36 — MIESZKALSKI et al. (2015), 37 — SULEIMAN et al. (2015).

In corn, this parameter ranges from 2.6 mm to even 12.8 mm. The data
presented in Table 1 indicate that the parameters of the evaluated seeds fall
into the below range of values:

- seed thickness — 1.1+12.8 mm,

— seed width — 1.1+16.4 mm,

- seed length — 1.4+21.8 mm.

Parameters of a conical bar screen

Groove width in a conical bar screen for cleaning and sorting seeds of three
size fractions is presented in Table 2. As previously indicated, groove width at
the beginning of the screen should be somewhat smaller than the thickness of
the smallest seeds of the principal species, whereas groove width at the end of
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the screen should be somewhat larger than the thickness of the largest seeds of
the principal species. Therefore, groove width for small seeds (group I) should
be set at 1 mm at the beginning of the screen and 3 mm at the end of the
screen. For the seeds of major cereal species (group Ila), groove width should
be set at 1 mm and 5 mm, respectively. The resulting screen can also be used
for sorting seeds of small-seeded legumes. Medium-sized seeds should be
separated with the use of screens with groove width of 1 mm and 6.5 mm, and
large seeds — with the use of screens with groove width of 2.5 mm and 13 mm,
respectively. A universal device for sorting seeds from all size fractions should
be fitted with a screen with groove width of 1 mm and 13 mm, respectively.
Similar conclusions relating to groove width were formulated by KALINIEWICZ
(2013b) in a study of a string sieve.

Table 2
Parameters of a conical bar screen
Screen Seed group
parameter 1 IIa I+IIa IIb I+11 111 I+II+111
s; [mm] 1.0 1.0 1.0 1.5 1.0 2.5 1.0
s [mm] 3.0 5.0 5.0 6.5 6.5 13.0 13.0
L [mm] 534 1067 1067 889 1467 1120 3200
y[°] 0.215 0.215 0.215 0.322 0.215 0.537 0.215

I - small seeds (mustard, rapeseed),

ITa - principal cereal species (barley, oats, rye, triticale and wheat),
IIb - other medium-sized seeds (buckwheat, rice, sunflower, vetch),
II - medium-sized seeds (Ila + IIb),

IIT - large seeds (corn, faba bean, lupine, pea, soybean).

For the sorting process to effectively separate seeds into at least 3 size
fractions, the seeds of a given species and variety should be sorted along
a screen segment of minimum 30 cm. The coefficients of variation in seed
dimensions are generally determined in the range of 6% to 20%. For the needs
of this study, the coefficient of variation in seed thickness was set at CV = 12%.
If groove width at the beginning of the screen is equal to the minimum value of
a given dimension of the separated seeds, and the range (i.e. the difference
between the maximum and minimum values) corresponds to six values of
standard deviation SD in seed thickness, then formula (7) takes the following
form:

31+6'SD—81=82—81 (12)
x L
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The equation can be transformed as follows:

_ X (s5—51)
6 - SD

L (13)

Standard deviation of a parameter can be determined from the formula for
calculating its coefficient of variation CV. In the analyzed case, the formula
takes the following form:

SD
CV =100+ —— 14
81+3'SD ( )

The equation can be transformed to produce:

CV'Sl

SD= ————
100 -3 - CV

(15)

The resulting dependence is substituted into formula (13) to produce the
following equation:

=x~(52—sl)~(100—3'CV)
6‘CV'Sl

L

(16)

The experimental values of the analyzed parameters, x = 300 mm and CV
= 12%, are introduced into the above equation:

_800 s:-s
3 S1

L a7

The length of a conical bar screen, determined with the above formula, is
given in Table 2. The universal sorting device should have a bar screen with an
estimated length of 3.2 m. However, only a small portion of such a screen
(30 cm segment) would be used to sort seeds of a given crop species. For this
reason, two variants of the proposed device have been designed: one for sorting
small seeds, including seeds of small-seeded legumes and seeds of major cereal
species (variant 1 for group I+Ila seeds), and the other for sorting large seeds
(variant 2 for group III seeds). Each variant will be equipped with a conical bar
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screen with an estimated length of 1.1 m. Variant 1 will be used to separate
seeds of buckwheat, rice and small-seeded varieties of sunflower and vetch,
whereas variant 2 will be used to separate seeds of large-seeded varieties of the
above species. The opening angle of screen bars will be y = 0.215° in variant 1
and y = 0,537° in variant 2.

According to GROCHOWICZ (1994), the diameter of rotating cylindrical
screens and industrial cylindrical graders ranges from 400 mm to 800 mm.
Therefore, the radius at which bars are fixed to the clamp ring at the beginning
of the screen should be minimum 200 mm, and the radius at which bars are
fixed at the end of the screen should not exceed 400 mm. In a given screen
variant, the number of grooves is determined by the diameter of screen bars.
Based on formulas (3) and (4), the number of grooves should meet the
following condition:

2‘7[‘R1<n<2‘ﬂ"R2 (18)
81+d - _82+d

The limiting values of radii at which bars are fixed to clamp rings are
substituted into the above formula to produce:

1256.6 2513.5
<n<c<

<n< 19
81+d 82+d ( )

The left side of the equation representing n,;, is rounded up to the nearest
integer, and the right side representing 7.« is rounded down to the nearest
integer. Bars with a diameter of 5 mm to 10 mm will be used to produce a rigid
structure, minimize screen weight and produce screens with the highest
number of grooves. The parameters of both variants are presented in Table 3.
The screen for sorting small seeds and seeds of principal cereal species (variant 1)
can be made of bars whose diameters cover the entire range of proposed values.
The number of grooves may range from 115 (bar diameter d = 10 mm) to even
251 (bar diameter d = 5 mm), depending on bar diameter. The base angle of
a conical bar screen decreases with an increase in bar diameter from around
3.8° to around 8.4° in variant 1.

The diameter of bars in a conical screen designed for large seeds is more
limited and should not exceed 8.12 mm. A screen comprising bars with
a diameter of 8.12 mm will have 119 grooves. When bars with a diameter of
9-10 mm are used, the screen will have 101 to 114 grooves and an estimated
base angle of 8.8-10°.
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Table 3
Parameters of two variants of the proposed conical bar screen
. Bar diameter d [mm]
Variant Parameter

5 6 7 8 9 10

Tmin [-] 210 180 157 140 126 115

V-1 (s; = 1 mm, Nimax [—] 251 228 209 193 179 167
sy = 5 mm, R,y/R, [-] 1.67 1.57 1.50 1.44 1.40 1.36
L=11m) Brin [°] 6.981 5.980 5.213 4.647 4.182 3.816
Brmax [°] 8.353 7.583 6.947 6.413 5.946 5.546

Tmin [-] - - - - 110 101

V-2 (s; = 2.5 mm, Pomax (=] - - - - 114 109
s =13 mm, Ry/R; [-] - - - - 1.91 1.84
L=11m) Buin [°] - - - - 9.620 8.826
ﬁmax [D] - - - - 9973 9532

Conclusions

The proposed variants of a conical bar separator pose an alternative to
a conventional separator with a set of screens with longitudinal openings. The
first variant has been designed for separating buckwheat seeds, rapeseeds and
seeds of principal cereal species, whereas the second variant can be used to
separate large seeds. The width of screen grooves changes continuously along the
screen and corresponds to the size of the separated seeds. Seeds of a given species
and variety could be separated by adjusting the position of collecting buckets
under the screen. Screens for separating seeds of major agricultural crops should
have an estimated length of 1.1 mm, and groove width at the beginning and end of
the screen should equal 1 mm and 5 mm, respectively, in variant 1, and 2.5 mm
and 13 mm, respectively, in variant 2. Bar diameter can range from 5 mm to
10 mm in variant 1, and from 8.12 mm to 10 mm in variant 2.
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