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Article

Theoretical Modeling and Geometric Optimization of
Flat Sieves for Grain Mixture Separation

Krasimir Bratoev

Department of Agricultural Machinery University of Ruse, kbratoev@uni-ruse.bg

Abstract: The separation of grain mixtures using flat mechanical sieves is a probabilistic process
highly dependent on the geometric parameters of the separator. This study investigates the
relationship between the length-based separation coefficient (u,) and the area-based separation
coefficient (i, ), emphasizing the critical role of the sieve’s shape and working area. Through
theoretical modeling, we demonstrate that the separation process follows an exponential decay
pattern along the sieve length, while the overall efficiency is determined by the total sieving area. For
sieves with equal diagonals, the square-shaped sieve maximizes the working area (at 3= 7/2) and
minimizes grain losses, achieving optimal separation performance. The area-based coefficient u,,
remains constant under fixed diagonal conditions, whereas pix varies with the length (x), as proven
by the derived dependency u(x), = u(xy)e.4/ 1+ tg?(a.). Experimental similarity criteria (1, )
confirm that grain losses are identical when comparing rectangular and square sieves with equal
diagonals, but the square sieve offers higher sieving probability per unit area. The study proposes a
geometric optimization framework for flat sieves, recommending square configurations with
dimensions derived from the equivalence p(x)q.xq = u(xy)e. 7. These results provide a theoretical
foundation for designing high-efficiency separators, though experimental validation is suggested for
future work.

Keywords: flat sieves; separation coefficient; grain losses; geometric optimization;
probabilistic modeling

1. Introduction

From a physical standpoint, the grain separation process in mechanical separators occurs in the
same manner — the grain first passes through the spatial grid of the separation layer and then through
the planar grid of the separator. This provides grounds to assume that separation in such separators
can be described by the same relationship, which several studies have established to be of an
exponential nature [1-5].

This type of relationship highlights the high sensitivity of the separation process to the length of
the separators. In reality, the process occurs across the entire working surface of the separator,
justifying the need to find a relationship that simultaneously describes the process along both the
length and width of the separator. Determining such a relationship will enable the optimization of
the separator's geometric dimensions so that its separation capability and operational quality are as
high as possible under given conditions.

Optimizing the working process of any machine is a prerequisite for increasing its efficiency. In
this regard, the separation process of grain mixtures heavily depends on the geometric dimensions
and shape of the separator. The aforementioned factors are decisive for the grain mixture separation
process and the associated separation coefficient along the length () and separation coefficient over
the area (jLy).

The possible interrelation between the two coefficients would enable either one to be used with
equal precision in determining the allowable grain losses from the separator.
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2. Materials and Methods

The separation coefficient p(x), which defines the performance of a separator, is inherently
variable along its length under identical operating conditions [1,4]. Physically, p(x) quantifies the
probability of an individual grain particle being sieved over a unit-length segment, as given by the
formula:

=9 - _ &
pe) == -0 1)

where, the ratio g represents the statistical (experimental) probability of a single grain being sieved
through a section of length Ax

q is the quantity of grain sieved in a section of length Ax;

y is the quantity of unsieved but separable grain.

From equation (1), the differential equation of the sieving process along the length of mechanical

separators is derived [1,3]:
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After integration, it takes the form:

y = e~ futdx ©)

Taking into account the initial condition (y = a, where a is the quantity of separable grain at the
beginning of the separator, i.e., x = 0), equation (3) becomes:

y=ae X, (4)

where ¢(x) is a function related to the separation coefficient u(x).

The presented relationships demonstrate that as the length of the separator increases and its
separation efficiency improves, grain losses decrease significantly. This enhances the separation effect
and, consequently, the operational quality of the separator.

However, the separation process must also be evaluated in terms of the geometric dimensions
defining the separator's working area. This assertion is supported by the fact that separators of equal
length may exhibit different separation coefficients due to variations in their widths, i.e., changes in
the experimental probability of grain sieving.

In three-dimensional space, the separation process can be represented by the nonlinear surface
shown in Figure 1.

Figure 1. Surface of the sieving process over the separator's area

where:

x is the distance from the separator's inlet to any of its cross-sections;

y is the distance from the separator's inlet to any of its longitudinal sections;

z is the quantity of separable grain that has not been sieved through a section of length x;

x; and y; are Cartesian coordinates of point My;

1, &, h are cylindrical coordinates of a point on the surface with the function z = f(x, y);

r1, 0, hy are cylindrical coordinates of point My;

a is the quantity of separable grain fed at the separator's inlet (x = 0).

The curve z = f(x), lying in the Oxz plane, is described by a dependency of the form (4) and is
considered the generatrix of the curvilinear surface representing the target function z = f(x, y).

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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An arbitrarily chosen point (M) on the generatrix, when rotated around the z-axis by an angle a
= 1/2, describes a circular arc. The position of a given point (M;) along this arc can be determined

7’1:\/9512"'3’12

tana, = z—i ©)

using its cylindrical coordinates:

hy = zy
The equality between coordinates z, and h; indicates that, regardless of the rotation angle a
of the generatrix, the quantity of unsieved grain remains constant. This justifies the following

equation:
u(x) = u(r)
_ bz _ Ak (6)
zAx ~ hAr
Therefore, for point M;, expression (4) takes the form:
hy =a.e ?™, 7)

where ¢(r) is a function related to the areal separation coefficient u(r).

Let the Cartesian coordinates of the projection of point M; onto the Oxy plane define the
geometric dimensions of the separator. The resulting figure has equal diagonals, each matching the
cylindrical coordinate r;. The sieving area of the separator is given by:

s=".sing, 8)

where f is the angle between the diagonals.

Equation (7) justifies the conclusion that if changes in coordinates x; and y; y: do not alter
coordinate 7, the quantity of unsieved grain through the separator will remain constant. However,
this will be accompanied by a change in the separator's working area, which according to equation
(8) will be maximized at f = % Therefore, a separator with a square-shaped working area will

operate at maximum capacity while maintaining unchanged grain losses.

The presented relationships (5, 6, 7 and 8) demonstrate that the separation process in mechanical
separators should be determined based on their working area, using the expression:

7 = a.e~HOT = g g=rEY)NxP+y? )

In this relationship, the coefficient u(xy) remains constant under specific conditions (r =
\Jx? 4+ y? = const), while the coefficient u(x) has been proven [4] to vary under these same
conditions depending on x.

The determination of u(xy) should be performed at the separator's maximum operating
capacity, where grain losses do not exceed permissible limits. When determined this way, this
coefficient enables optimization of the separator's geometric parameters.

The performance of mechanical separators is primarily characterized by grain losses at
maximum productivity. It has been established that under conditions of constant specific area
loading, a separator with a larger sieving area will be more productive. Among separators with equal
diagonals, the one with a square shape will have the largest sieving area. The use of square-shaped
separators is therefore recommended, with their dimensions considered optimal for quality
separation of grain mixtures.

During the sieving process, the grain material moves toward the separator's end as a layer
covering its entire working surface. Theoretically, it is reasonable to expect that grain losses would
be identical whether determined by the length-based separation coefficient u(x) or the area-based
separation coefficient u(xy). To verify this hypothesis, an approach comparing two flat sieves with
different working surface shapes operating under identical conditions was used. One had a
rectangular shape with dimensions X, and yo, while the other was square-shaped with dimensions x,
and y. (Figure 2).
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Figure 2. Working surface configurations of flat sieves

Under specified initial operating conditions, the fundamental equation of the lengthwise sieving
process for the rectangular sieve takes the form:

Zy = a. e HXoXo (10)

where:

u(x) is the length-based separation coefficient of the rectangular sieve (m)

X, is the sieve length (m)

An identical structure applies to the fundamental sieving process equation expressed through
the area-based separation coefficient. For the square sieve with dimensions x. and y., equation (10)
becomes:

Ze = a.e HOVeTe | (11)

where:

u(xy). is the area-based separation coefficient of the square sieve (m™)

1, is the sieve diagonal (m)

When both sieves achieve identical grain losses under equal (technological and kinematic)
conditions, their operational similarity can be established [6]. Here, the relative grain losses serve as
the similarity criterion:

my =~ = idem, (12)
with the similarity indicator:

Ay=eHele =1, (13)
where:
U, is the ratio of the sieves' separation coefficients
I, is the ratio of their linear dimensions (length to diagonal)
From these follows the equality:

1(x)o-Xo = H(XY)e-Te (14)
For both sides of this expression, the following similarity criterion applies:
m, = W.l =idem (15)
with the similarity indicator:
Do=pcl =1 (16)
Consequently, for the right-hand side of equation (14), the following expression holds:
1Yo To = HEY)e-T, (17)

where:

u(xy)o is the area-based separation coefficient of the rectangular sieve (m™)

1y is the diagonal of the rectangular sieve (m)

By expressing the diagonal r, through the working surface area of the rectangular sieve, we
obtain a relationship between its separation coefficients (length-based and area-based) in the general
form:

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202505.1549.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 20 May 2025

Koo = XYy o, (18)

where f, is the angle between the diagonals of the rectangular sieve. After algebraic

transformations, this expression simplifies to:
1(x)o = u(xy)o-y/1 +tg*(ao) , (19)

where o is the angle between the diagonal r, and the sieve length x, . The angle a, belongs
to the interval 0 + g

From equation (19), itis evident that across the entire range of angle o, variation, the coefficient
u(xy), will have a smaller value than coefficient u(x),.

After applying the similarity criterion 7, to the left-hand side of equation (14) and performing
transformations analogous to those for the rectangular sieve, we arrive at a similar relationship (19)

but for the square sieve:
u(x)e = plxy)e-y 1+ tg(ar), (20)

u(x), is the length-based separation coefficient of the square sieve (m)

where:

a. is the angle between the sieve's diagonal and its length (in degrees)
For sieves with equal diagonals, the relationship between their working areas is given by:

»
So _ 7SinBo _ sinB,

= = 1)

2 . )
Se rz—e.sin Be sin Se

where S, is the angle between the diagonals of the square sieve (in degrees).
The assumption that both sieves operate under equal loading conditions implies that the
reciprocal of expression (21) represents the ratio of their specific area loadings:
qro _ sin fe (22)

qre  sinfo’

where:
qro and qr, are the specific area loadings of the rectangular and square sieves, respectively

(kg/(s'm?))
Po and f. are the angles between the diagonals of the rectangular and square sieves,
respectively
Expanding the left-hand side of (22) yields:
PoYo-ho-Yo-Xe-Ye __ SinBe (23)
PeVeheYexoyo  sinBo’
where:

Po (pe) =bulk density of the grain material on the rectangular (square) sieve (kg/m?)

Vo (V) = material flow velocity across the rectangular (square) sieve (m/s)

hy (he) = grain layer height on the rectangular (square) sieve (m)

Xo (%) =length of the rectangular (square) sieve (m)

Yo (¥e)=width of the rectangular (square) sieve (m)

Since both sieves operate under identical conditions, the final form of equation (23) becomes:
Bofe _ Zife (24)

he.xg sin Bo
This expression demonstrates how the grain layer height varies with changes in the sieve's
working area and consequently with changes in their specific loading. Clearly, as the specific loading
decreases, the layer height on the separator also decreases. This relationship can be expressed using
the similarity criterion from literature [6]:

3 = u(x).h = idem (25)
with the similarity indicator:
_ FX¥)oho _
A3_ u®)ehe 1 (26)

Substituting equation (24) into the similarity indicator A; yields the relationship between the

length-based separation coefficients of the two differently-shaped sieves:
U(x)o-Xo-sinBe _
XesinBy H(x)e (27)

By substituting this equality into (20), we obtain:
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B(x)oXo-SinPe _ (xy) m (28)
T xosingy PV g-(a,
Given that for the square sieve f§, = g and a, = % , the final form of equation (28) becomes:
“(X)oXo _
singe = HO)e V2 (29)

Analysis of the derived relationships (19), (20), and (28) reveals that under identical operating
conditions, modifying the shape of the separator's working surface leads to increased values of both
separation coefficients (u(x) and pu(xy)). However, this trend persists only until the rectangular sieve
with dimensions x, and y, transforms into a square sieve with dimensions x. and y.. If a
rectangular sieve is converted to another rectangular sieve with the same diagonal but with length
(x;) smaller than its width (y;) (Fig. 2), the aforementioned trend will continue only for the length-
based separation coefficient, while the area-based separation coefficient will decrease. This implies
that under identical operating conditions, the lowest grain losses will occur with a flat sieve having
a square-shaped working surface, due to its higher area-based separation coefficient and increased
working area.

Equation (29) enables the conversion of the length-based separation coefficient of a rectangular
sieve to the area-based separation coefficient of a square sieve with an identical diagonal length. This
demonstrates that by altering the shape and geometric dimensions of the sieve, the operational
quality of such mechanical separators can be enhanced.

It is recommended to use an expression of the form (2) when determining grain losses in flat
sieves. The same expression is also suitable for calculating losses in rotary mechanical separators.

3. Discussion

The performance of all types of mechanical separators depends significantly on their geometric
dimensions. Despite the proven strong influence of length, the separation process should be
considered in terms of the working area of the separator. In such cases, when determining grain
losses, it is appropriate to use an expression of the form (9). As the parameter r (i.e., the area of the
separator) increases, grain losses decrease exponentially. Under certain conditions, the area-based
separation coefficient u(xy) should be considered constant, while the coefficient u(x) varies under
the same conditions depending on x. The geometric parameters at which the area-based separation
coefficient is determined are optimal for the separator, and its working area has a square shape.

The key difference between these coefficients lies in how they change when the factors
determining them vary. The distinctive feature in the behavior of the length-based separation
coefficient is that it maintains the direction in which its values change when the length of the
separator is altered. This is not the case with the pu,, coefficient. From this difference arises the
variation in separation intensity. Notably, these changes indicate that not only the dimensions but
also the shape of the separator's screening area are of significant importance.

The performance of all types of mechanical separators is strongly influenced by their geometric
dimensions. It is generally accepted that changing the length of the separator plays a crucial role in
its separation capability. However, the proven strong influence of length should not be considered
independently of the separator's working area. This conclusion stems from the analysis of
dependence (20). According to it, when examining a single flat sieve, the relationship between the
length-based separation coefficient and the area-based separation coefficient of the sieve is a function
of the angle a.. The values of this angle depend on the ratio between the length and width of the
sieve, i.e., the shape of the separator's working area. Although the similarity criterion m; leads to the
same grain losses, transforming expression (20) into the form (28) shows that, under given working
conditions, the experimental probability of grain screening per unit area is highest for a square-
shaped sieve. Additionally, expression (28) allows the length-based separation coefficient of a sieve
to be adjusted to this highest experimental screening probability per unit area.

For flat sieves with equal diagonals, the trend is that as the angle a, increases, the values of the
length-based separation coefficient also increase. However, for the area-based separation coefficient,
this increase continues only until the angle reaches % . Beyond this value of a,, the area-based

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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separation coefficient decreases. This, combined with the fact that the largest area (for sieves with
equal diagonals) is achieved with a square sieve, results in the smallest grain losses under otherwise
equal conditions among sieves.

The conclusions drawn regarding the relationship between the length-based and area-based
separation coefficients of mechanical separators, as well as the process of separating grain mixtures
across the surface of mechanical separators, should be further verified experimentally.
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