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Abstract: In order to extend grain’s storage time and ensure its quality, it is necessary to sort and
clean it. The aim of this study was to justify the rational shape of the sorting chamber and the optimal
technological parameters for the sorting of wheat grains in airflow. This study used newly designed
grain sorting chambers with constant, widening, and narrowing cross-sections for the airflow sorting
of “Skagen” wheat grain. The aerodynamic properties of wheat grains were investigated when
moisture was at 14 ± 2.0%. The grain flow rate in the chambers varied from 4 to 12 kg min−1 every
2 kg min−1. In addition, the airflow velocity varied from 8 to 12 m s−1 every 1 m s−1. The tilt angle
of the constant cross-section camera was increased to 5◦. Experimental studies have determined a
terminal airflow velocity of 11.53 m s−1 for wheat grains. At the terminal airflow velocity, the grain
flight coefficient was obtained to be about 0.074. These studies showed that the narrowing chamber
is preferable for lower grain flow rates compared to the constant cross-section of the chamber. The
widening chamber requires a lower airflow velocity to achieve the same performance and quality as
the other chambers.

Keywords: wheat grain; sorting; airflow velocity; flow rate; shape of the chamber

1. Introduction

Grain sorting and cleaning is an important process for extending grain storage time
and ensuring its quality. Grain cleaning separates good grain from impurities, reduces the
risk of disease, and minimizes losses during processing and storage [1], thus creating a
more sustainable value-added chain.

With the development of grain cleaning and sorting technologies, grain is separated,
cleaned, and sorted using modern machines such as centrifugal separators, pneumatic
tables, and aerodynamic separators. Methods of seed sorting are constantly being improved
by finding new separation features and designing new equipment [2,3].

Pneumatic separation is one of the methods for cleaning seed mixtures [4]. The
separation of grain mixtures and their components in an aspiration separator, considering
their aerodynamic properties, is the most promising method from the point of view of
quality improvement and production intensification. In addition, grain cleaning requires
less energy [5–7]. The use of cleaning and sorting machines to clean and separate the
grains into individual fractions improves the quality of the seed, and the grains in the
fractions have the same physical–mechanical properties [8]. The grain cleaned and sorted
by the airflow is not damaged, resulting in lower losses from cleaning [9]. Depending on
the operating parameters of the machine and the properties of the grain flow factor, as
well as the aerodynamic properties, the quality of sorting may vary [10]. Each particle’s
terminal velocity and allocation are related to the particle’s size, density, shape, and surface
properties [4,9,11,12]. It was found that, under sustained exposure to airflow, grains
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position themselves in the airflow in such a way that their aerodynamic resistance is the
lowest [13].

Studies have shown that seeds with higher terminal velocities have the best biological
properties, so it is recommended to use airflow to separate seeds into several fractions [14].
Krishna Prasad Shrestha designed and tested a rice cleaning and sorting machine with a can
cascade in the cleaning and sorting chamber, which allowed for the increased separation
of impurities from the grain [15]. Grain is better fractionated in the air stream when it is
supplied into the airflow continuously and distributed evenly in the sorting chamber [16].
A cone-shaped grain flow diffuser installed in the grain cleaning chamber allows for an
increase in the efficiency of the pneumatic separator by 1.6 compared to the efficiency of
the conventional grain flow [17]. Pneumatic grain cleaners and sorters are popular due to
their high efficiency, versatility, simple design and operation, and low operating costs, and
are therefore also used by smaller grain producers [4,14,15]

As the airflow velocity increases, the friction between the air and the walls of the
duct increases, resulting in higher air pressure. The amount of grain supplied into the
airflow also increases the airflow pressure and, as a result, the energy consumption for
grain transport [18].

The physical and mechanical grain properties play an important role in the design of
cleaning machines [19]. To intensify the cleaning of grains and oilseed crops (flax, sunflower,
mustard, saffron, rapeseed, soybean), it has been proposed that we study their physical
and mechanical properties [20]. The accuracy of the particle separation in the airflow
depends on their aerodynamic resistance, which is closely related to the surface shape of
the seeds and grains and their characteristics (e.g., smooth, rough, or hair-covered surface,
etc.) [21]. Studies have shown that even for the same type of seed the terminal velocity
values vary quite significantly. The larger the differences between the terminal velocity
values of specific particles, the easier and more effective it is to distinguish them [4].

The performance of pneumatic grain sorting chambers can be improved by incorporat-
ing mechanical elements that not only optimize the dispersion of the grain in the chamber
but also create vortices in the airflow. Adamchuk et al. [22] have installed a centrifugal grain
spreader in a 0.6 m diameter grain sorting chamber. With theoretical and experimental
studies, the authors have shown that the use of such a pneumatic vortex chamber can
increase the efficiency of pneumatic separation by 15–20%. Saitov et al. [23] developed a
mathematical model for the separation of light impurities from grain in an experimental
suction duct of the fan. The results of the theoretical and experimental studies differed by
about 10%. It was found that the intensity of the airflow as well as the method and velocity
of seed mixture delivery in the separator working zone have the greatest influence on the
separation of mixture components [24].

The authors state that the angle of inclination of the airflow into the sorting chamber
has little influence on the dispersion of the flow in the chamber but has a significant
influence on the movement of particles and the separation effect. The grain flow and the
airflow velocity do not show a clear trend in the variation of airflow dispersion. [25] The
quality of seed separation in this module depends on the uniformity and degree of stability
of the airflow velocity in the field working area of the sorting chamber [24].

In pneumatic grain sorters, the sorting efficiency depends on the height of the rectan-
gular chamber. It has been observed that the efficiency increases with increasing chamber
height, but only up to a certain size, after which the sorting efficiency decreases. This is
because the unevenness of the airflow velocity distribution increases as the chamber height
increases [26,27].

The installation of narrowing partitions in pneumatic vertical ducts allows for an
increase in cleaning performance and efficiency. With an optimum width-to-length ratio of
the partitions in the ducts from 0 to 5, the number of impurities that are difficult to separate
from the seed can be increased by at least 20% [28]. Studies have shown that, to ensure the
performance of a pneumatic grain separator, the angle of expansion of the grain sorting
chamber at the point of entry into the chamber must be less than 12◦ [29]. In our previous
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research, insufficient attention has been paid to the influence of the shape of the sorting
chamber on the dispersion of the chamber. Therefore, this paper presents new experimental
results on the influences of a constant cross-section, widening, and narrowing grain sorting
chamber on the airflow sorting of wheat “Skagen” grains.

The following research hypothesis is raised: after optimizing the shape of the sorting
chamber and the technological sorting parameters of the airflow, it is possible to sort about
75% of the wheat grains at the beginning of the sorting chamber without using additional
devices that intensify grain dispersion.

2. Materials and Methods

The research of wheat “Skagen” grain sorting quality was carried out in the laboratory
of the Department of Agricultural Engineering and Safety at Vytautas Magnus University
Agriculture Academy. The average moisture content of wheat grains was 14 ± 2.0%.

2.1. Determination of Aerodynamic Properties of Wheat Grains

The aerodynamic properties of wheat grains were determined using a classifier
(Figure 1) [30]. The grain (300 g) is poured into the tank (14). The airflow velocity control
damper (3) is slightly raised by the auger (4). When the fan is switched on, the fan impeller
(7) is allowed to rotate freely for about 30 s to stabilize the airflow velocity in the suction
duct (11). A gap of approximately 3 mm shall be left between the bottom of the grain tank
(14) and the valve (13) to allow the bottom to vibrate and the grain to flow out of the tank in
a continuous stream. When it is observed that only very fine impurities are sucked into the
settling tank (10) (box 19), the airflow velocity (lower limit) in the suction duct is measured
with the airflow velocity measuring device “DO 9847” (16). After all the grain has been
discharged from the tank, the damper (3) is closed and the grain from boxes 18 and 19 is
poured in. The damper (3) is then lifted using an auger (4) so that all the grain is sucked
into the settling tank (10). A few of the coarsest grains may fall into the box (18). The
airflow velocity is measured in the suction duct (upper limit). The airflow velocity range
between the minimum and maximum values is divided into eight equal parts (classes) and
the average airflow velocity is calculated. The grain is again poured into the tank (14). The
fan is turned on. The airflow velocity control damper (3) is raised by the auger (4) so that
the airflow velocity in the suction duct corresponds to the lower limit. The valve (13) is
opened. All grains are allowed to fall out of the tank (14). The valve (13) is closed again.
The grain from one box (18) is poured into the grain tank, and the grain from the other box
(19) is poured out and weighed. Then, the airflow regulating damper (3) is raised by the
auger (4) so that the airflow velocity in the suction duct increases to the value of the next
velocity class. This test is performed three times.
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Figure 1. Scheme of the classifier: 1—rack, 2—duct, 3—airflow control damper, 4—auger, 5—filter,
6—air cleaning chamber, 7—fan impeller, 8—electric motor, 9—sieve, 10—settling tank, 11—suction
duct, 12—airflow velocity measuring sensor, 13—valve, 14—grain tank, 15—tank bottom vibrator,
16—airflow velocity measuring device “DO 9847”, 17—control panel, 18 and 19—grain boxes.
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After the measurements have been made, the average grain flight coefficient for each
class is calculated [31]:

k f =
g

v2
n class

(1)

where g is the acceleration of gravity, in ms−2, and v2
n class is the terminal velocity of a grain

of a specific class, in ms−2.
The average terminal velocity of all classes of grain is calculated [31]:

vcr =
∑ vn class·mn

∑ mn
(2)

where mn is the grain mass of a class, in g.

2.2. Determination of Wheat Grain Flow in Sorting Chambers of Different Cross-Sections

The laboratory studies on wheat grain sorting were carried out at the grain sorting
stand (Figure 2).
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Figure 2. Scheme of the wheat grain sorting stand: 1–6—collecting boxes, 7—grain sorting chamber,
8—grain, 9—grain tank, 10—airflow velocity equalization tank, 11—fan, 12—electric motor, 13 and
14—racks.

The grain sorting stand used three types of sorting chambers: a constant cross-section
(Figure 3a), a widening cross-section (Figure 3b), and a narrowing cross-section (Figure 3c).
The dimensions of the chamber with a constant cross-section were the same as those
of airflow velocity equalization tank 10 (Figure 2): height—170 mm, width—170 mm,
length—1250 mm. The height of the narrowing cross-section chamber decreases continu-
ously from 170 to 70 mm, while that of the widening cross-section chamber increases from
170 to 270 mm. In each chamber, 15 mm diameter holes were drilled at 150 mm intervals in
the center of each box for the insertion of the airflow velocity sensor and the measurement
of airflow velocity. The airflow velocity measurement points are shown in Figure 3.

The airflow velocity in the sorting chambers varied from 8 to 12 m s−1 every 1 m s−1,
and the grain flow rate varied from 4 to 12 kg min−1 every 2 kg min−1. In addition, the
positioned angle of the constant cross-section sorting chamber was increased by 5◦. The
airflow velocity was changed by changing the speed of the electric motor with a frequency
converter “Delta VFD-B” in the fan impeller drive motor. The airflow velocities at different
points in the chamber were measured with a multifunction data logger “DO 9847” with a
measurement range of 0.1 to 40 m s−1.

The grains were weighed and the dispersion of the grains in the sorting chamber was
calculated. A weighing scale “CAS SW-1” was used to weigh the grains in the boxes, with
a measuring range of up to 5 kg and an error of 2 g.



Processes 2023, 11, 3441 5 of 14

Processes 2023, 11, x FOR PEER REVIEW 5 of 16 
 

 

 
Figure 3. Grain sorting chambers: (a) constant cross-section, (b) widening cross-section, (c) narrow-
ing cross-section, 1—rack, 2—boxes, 3—upper part of the sorting chamber, 4—the airflow velocity 
measurement points, 5—grain tank, 6—direction of the airflow. 

The airflow velocity in the sorting chambers varied from 8 to 12 m s−1 every 1 m s−1, 
and the grain flow rate varied from 4 to 12 kg min−1 every 2 kg min−1. In addition, the 
positioned angle of the constant cross-section sorting chamber was increased by 5°. The 
airflow velocity was changed by changing the speed of the electric motor with a frequency 
converter “Delta VFD-B” in the fan impeller drive motor. The airflow velocities at different 
points in the chamber were measured with a multifunction data logger “DO 9847” with a 
measurement range of 0.1 to 40 m s−1. 

The grains were weighed and the dispersion of the grains in the sorting chamber was 
calculated. A weighing scale “CAS SW-1” was used to weigh the grains in the boxes, with 
a measuring range of up to 5 kg and an error of 2 g. 

2.3. Statistical Analysis 
Data obtained for the research were analyzed using a one-way analysis of variance 

(ANOVA) module with the statistical software Statistica 10.0 to compare the means of the 
parameters obtained. A significance level of 0.05 was used as the criterion for tests of sig-
nificance throughout the data analysis. The least significant difference R0.05 (posthoc test 
LSD) was calculated at the confidence level of 95% [32]. 

3. Results 
3.1. Aerodynamic Properties of Wheat Grains 

The quality of grain sorting is determined by the aerodynamic properties of the grain 
[9,33–35] and the terminal velocity of the particles used in the pneumatic separation pro-
cess [16]. Therefore, this experimental research aims to determine the influence of the ver-
tical airflow velocity on the quantitative dispersion of grain mass parts, and grain flight of 
wheat grain. In addition, based on the obtained experimental results, the terminal velocity 
is calculated. The studies showed that the highest proportion of grains sucked was ob-
tained in the sixth (31.22%) and seventh (24.78%) classes at average airflow velocities of 
12.1 m s−1 and 13.1 m s−1, respectively (Figure 4). No significant difference was found be-
tween these variants. The lowest proportion of grains sucked was found in the first 
(3.33%), second (5.89%), third (5.33%), and eighth (4%) classes, with the average airflow 
velocities of 7.8 m s−1, 8.1 m s−1, 9.1 m s−1, and 14.1 m s−1, respectively. No significant 
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2.3. Statistical Analysis

Data obtained for the research were analyzed using a one-way analysis of variance
(ANOVA) module with the statistical software Statistica 10.0 to compare the means of
the parameters obtained. A significance level of 0.05 was used as the criterion for tests of
significance throughout the data analysis. The least significant difference R0.05 (posthoc
test LSD) was calculated at the confidence level of 95% [32].

3. Results
3.1. Aerodynamic Properties of Wheat Grains

The quality of grain sorting is determined by the aerodynamic properties of the
grain [9,33–35] and the terminal velocity of the particles used in the pneumatic separation
process [16]. Therefore, this experimental research aims to determine the influence of
the vertical airflow velocity on the quantitative dispersion of grain mass parts, and grain
flight of wheat grain. In addition, based on the obtained experimental results, the terminal
velocity is calculated. The studies showed that the highest proportion of grains sucked was
obtained in the sixth (31.22%) and seventh (24.78%) classes at average airflow velocities
of 12.1 m s−1 and 13.1 m s−1, respectively (Figure 4). No significant difference was found
between these variants. The lowest proportion of grains sucked was found in the first
(3.33%), second (5.89%), third (5.33%), and eighth (4%) classes, with the average airflow
velocities of 7.8 m s−1, 8.1 m s−1, 9.1 m s−1, and 14.1 m s−1, respectively. No significant
difference was found between these variants. According to the results of the average airflow
velocity and the grains sucked, a terminal airflow velocity of 11.53 m s−1 was calculated.
In the grain sorting process, the terminal airflow velocity of the grain must be used as a
guide for determining the fan airflow rate [6,33,36].
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Experimental studies showed a decrease in the grain flight coefficient (74.74%) with
an increase in the average airflow velocity from 7.1 m s−1 to 14.1 m s−1 (Figure 4). As the
average airflow velocity increased from 7.1 m s−1 to 14.1 m s−1 every 1 m s−1, a decrease in
the grain flight coefficient was observed, with decreases of 22.68%, 21.33%, 18.64%, 16.67%,
15%, 16.18%, and 14.04%, respectively. The study showed that at the average airflow
velocity higher than 11.53 m s−1 and grain flight coefficient lower than 0.074, the grain will
be carried away with light impurities in the grain sorting process. This will happen due to
the grain’s inability to resist the airflow [14].

3.2. Wheat Grain Flow in Sorting Chambers of Different Cross-Sections

Seed sorting is strongly influenced by airflow velocity [33,34]. Therefore, these studies
evaluated the dispersion of the airflow velocities in the different grain sorting chambers
when the airflow velocity at the beginning of the sorting chamber was 10 m s−1 (Table 1). It
was found that in the narrowing chamber, the airflow velocity was similar (about 10 m s−1)
to the one at the beginning of the chamber, while it decreased in the constant cross-section
and the widening chamber. In the constant cross-section chamber, a more significant
decrease in airflow velocity (from 10 m s−1 to 8.6 m s−1) was observed in the upper part
of the chamber, while in the widening cross-section chamber, a significant decrease was
observed in the upper part of the chamber (from 8.8 m s−1 to 7.5 m s−1) as well as in the
lower part of the chamber (from 9.9 m s−1 to 7.3 m s−1). The increasing cross-section of the
widening sorting chamber had the greatest influence on the more significant decrease in
airflow velocity compared to the constant cross-section sorting chamber. By increasing the
chamber height, the unevenness of the airflow velocity distribution increases [26,27]. The
results of the airflow velocity dispersion in the different sorting chambers suggest that, at
the beginning of the sorting chamber, a sorting chamber with a narrowing cross-section
would be best suited for the separation of the large grains, as the airflow velocity in the
length of the sorting chamber was the highest. Other authors claim that there is an increase
in grain cleaning performance and efficiency when narrowing partitions are installed in
pneumatic vertical ducts [28].
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Table 1. Dispersion of airflow velocities in the different grain sorting chambers with an airflow
velocity of 10 m s−1 at the start of the sorting chamber.

Measurement of Airflow Velocity in a Grain Sorting Chamber of Constant Cross-Section

Measurement points 1.1 1.2 1.3 1.4 1.5
Airflow velocity, m s−1 10 10 9.8 8.9 8.6

Measurement points 2.1 2.2 2.3 2.4 2.5
Airflow velocity, m s−1 10 9.9 9.8 9.7 9.5

Measurement points 3.1 3.2 3.3 3.4 3.5
Airflow velocity, m s−1 10 9.7 9.7 9.5 9.4

Measurement of Airflow Velocity in a Grain Sorting Chamber of Widening Cross-Section

Measurement points 1.1 1.2 1.3 1.4 1.5
Airflow velocity, m s−1 8.8 8 7.9 7.7 7.5

Measurement points 2.1 2.2 2.3 2.4 2.5
Airflow velocity, m s−1 9.9 9.4 8.9 8.3 7.8

Measurement points 3.1 3.2 3.3 3.4 3.5
Airflow velocity, m s−1 10 9.9 9.6 8.8 7.7

Measurement points 4.1 4.2 4.3 4.4 4.5
Airflow velocity, m s−1 9.9 8.9 8.4 7.7 7.3

Measurement of Airflow Velocity in a Grain Sorting Chamber of Narrowing Cross-Section

Measurement points 1.1 1.2 1.3 1.4 1.5
Airflow velocity, m s−1 10.2 10.3 10.3 10.2 10.3

Measurement points 2.1 2.2 2.3 2.4 2.5
Airflow velocity, m s−1 10 9.9 10.2 - -

During experimental studies of grain sorting in different chambers (constant cross-
section, widening, and narrowing), when the supplied grain flow rate varies from 4 to
12 kg min−1 every 2 kg min−1, at a constant airflow velocity (10 m s−1), a similar tendency
of the dispersion of the grain was found in all chambers (Figure 5). In different sorting
chambers, the first boxes had the highest percentages of grain compared to the other four
boxes, and the percentage of grain increased with increasing grain flow rate. In the second,
third, fourth, and fifth boxes, the percentage of grain decreased and was significantly
lower compared to the first boxes. During the study, it was observed that at high grain
concentrations in the airflow, the frequent contact of the grains with other grains moving
in the airflow reduced the sorting quality of the grains, resulting in significantly different
percentages of grains in the first boxes. The experimental results allow us to argue that
the narrowing chamber is suitable for sorting smaller grain flows, compared to a constant
cross-section and a widening chamber with the same airflow velocity at the beginning of
the chamber. These studies show that the widening chamber can be operated at a lower
airflow velocity to achieve the same performance and grain sorting quality as the other
chambers studied. Previous studies have shown that the height of the sorting chamber
positively influences the airflow sorting of grains [29]. The widening chamber can be fed
with about 8–10 kg min−1 of grain at a 10 m s−1 airflow velocity.

Research has shown that while supplying a grain flow rate of 6 kg min−1 into a
constant cross-section chamber, when the airflow velocity changes from 8 m s−1 to 12 m s−1

every 1 m s−1, the percentage of grain in the first box decreases as the airflow velocity
increases and increases in the other four boxes (Figure 6). The first box has the highest
percentage of grain compared to the other four boxes up to an airflow velocity of 11 m s−1.
However, at 12 m s−1, the percentage of grain in the first box becomes similar to that in
the second box, but still higher than that in the third, fourth, and fifth boxes. At an airflow
velocity of 10 m s−1, no more than 6 kg min−1 of grain should be fed into a constant cross-
section chamber, as the grains moving in the airflow of the sorting chamber increase the air
pressure and the resistance to airflow [18]. We do not provide the results for the narrowing
and the widening chambers because studies have shown that the narrowing chamber is
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more prone to clogging at grain flow rates of 6 kg min−1, 8 m s−1, and 9 m s−1. This may
be explained by the fact that the gaps between the grains are greatly reduced, and the large
grains create a resistance for the small ones to penetrate through the grains [37]. Therefore, a
lower grain flow rate is recommended at these airflow velocities. In the widening chamber,
the trend of the results is similar to that of the constant cross-section chamber, but only
from the airflow velocity of 9 m s−1, because 8 m s−1 is too low for grain sorting and the
grains are not blown.
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Comparing the work process of the sorting chambers of different shapes (constant
cross-section, narrowing, and widening) with each other, at the airflow velocity of 11 m s−1

and grain flow rate of 10 kg min−1, the highest (74.5%) percentage of grain was deter-
mined in the first box of the narrowing chamber. It is 30.07% more than the first box of
the constant cross-section chamber and 41.88% more than that of the widening chamber
(Figure 7). However, in the second box of the narrowing chamber, the number of grains
was the lowest compared to those of the constant cross-section and the widening chambers,
i.e., 53.58% and 68.59% fewer grains, respectively. The grain is best distributed in the
chamber with a constant cross-section: the first box holds most of the grain, i.e., 52.1%,
the second box—29.3%, the third box—10.1%, the fourth box—4.9%, and about 2.2% of
the small grains and light impurities are ejected from the chamber into the fifth and sixth
boxes. In the narrowing chamber, however, almost all the grains are fed into the first box,
varying in size and aerodynamic properties. In the case of the widening chamber, the grain
dispersion parameters are like those of the constant cross-section chamber, but grain sorting
is insufficient.
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Figure 7. The influence of different chamber shapes on grain dispersion at the airflow velocity of
11 m s−1 and grain flow rate of 10 kg min−1: 1—1st box; 2—2nd box; 3—3rd box; 4—4th box; 5—5th
box; 6—6th box. Error bars represent the 95% standard error. Matching letters indicate no significant
difference between chamber shapes.
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A review of the results of this study reveals trends that describe the characteristics of
the chambers to achieve similar grain dispersions. It is recommended to select a higher
airflow velocity and reduce the grain flow rate when using a narrowing chamber, which
will give the grain more room to move and be more dispersed, affecting its extremity and
dispersion. This chamber should also be used for smaller grain flow rates. The installation
of narrowing partitions in pneumatic channels with vertical airflow allows for the increased
productivity and efficiency of seed cleaning. The narrowing chamber should be fed with
about 4 kg min−1 of grain at an airflow velocity of 11 m s−1. Studies have shown that
the installation of narrowing partitions in pneumatic ducts with a vertically rising airflow
allows for an increase in the productivity and efficiency of seed cleaning [38], and a similar
trend has been observed in the narrowing horizontal grain sorting chamber.

The widening chamber can be fed at a lower airflow velocity and the grain flow rate
can be slightly higher. This chamber shape allows the grain to move more easily in the
longitudinal direction of the chamber, which improves the dispersion of the grain in the
air stream. The recommended parameters to achieve the best grain dispersion are the
following: grain flow rate of 8–10 kg min−1 and airflow velocity of 10 m s−1.

This research of these chambers suggests that the shape of the constant cross-section
chamber is intermediate between the two. This chamber achieves the highest throughput
at a grain flow rate of 12 kg min−1 and an airflow velocity of about 12 m s−1, but under
these conditions, the quality of the grain decreases.

The influence of the angle of inclination of the grain sorting in a constant cross-section
chamber on the dispersion of the grain along the length of the chamber was investigated.
Increasing the angle of inclination of the sorting chamber to 5◦ significantly increased
(21%) the amount of grain falling into the first box. However, the amount of grain in the
subsequent boxes was significantly lower compared to the horizontal camera with the
initial angle of 0◦ (Figure 8). It was observed that increasing the angle of inclination of
the sorting chamber resulted in poorer grain sorting quality due to the higher elevation
of the walls of the grain outlets. A similar trend in grain dispersion was observed in the
narrowing and widening chambers.
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When cleaning and sorting grain, it is important to select the parameters of the
cleaning machines so that as little grain as possible is blown outside the sorting chamber,
with minimum grain loss and without compromising the quality of the sorting. Studies
have shown that the flow rate of grain fed into the sorting chamber affects not only the grain
discharge in the airflow but also the loss of grain blown out of the chamber (Figure 9). The
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trend of the grain blown out of the constant and widening cross-section sorting chambers
was similar, with grain losses decreasing. At lower grain flow rates, larger gaps are created
between the grains moving in the airflow, the grains are less likely to bump into each
other, and the airflow carries them further away from the beginning of the sorting chamber.
Increasing the grain flow rate results in the grains not being sufficiently loosened by the
airflow, and the grain layer becomes more resistant to the airflow, resulting in a reduction
in grain loss but a deterioration in the quality of the sorting of the grain. Increasing the
airflow velocity from 8 to 12 m s−1 at a grain flow rate of 6 kg min−1 resulted in an average
increase in grain loss from the chamber of between 0.8 and 5.2% (Figure 10). This study
showed that above the airflow velocity of 11 m s−1, the grain sorting quality deteriorates,
with a greater variation in the size of grain entering the boxes at the bottom of the sorting
chamber. The results showed that with the airflow velocity of 11 m s−1 at the beginning of
the grain sorting chambers, the average weight of 1000-grain leaving the sorting chambers
was 26.04 ± 1.14 g in the constant cross-section chamber and 21.87 ± 2.21 g in the widening
chamber.
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4. Discussion

Air flow in grain cleaning and sorting machines is often used to separate impurities
from grain and to sort cleaned grain. Grain cleaning and sorting using airflow is not as
high-quality as using sieve grain cleaners but has the advantage in that the grain has less



Processes 2023, 11, 3441 12 of 14

contact with the working parts of the cleaning machine. As a result, the surface of the
grain is less damaged mechanically, which influences further storage and processing [4,39].
The airflow rate is used to enhance the separation of grains and impurities. Particles with
different aerodynamic characteristics have distinguished critical speeds, which determine
their separation in the airflow [8,14]. Many studies have analyzed the cleaning and sorting
of grain in airflow, but the issues of the intensification of particle separation in airflow
are still relevant [4,14,15]. Usually, airflow speed differences might be observed at the
beginning and the end of the sorting chamber. It depends on the shape and design of the
grain cleaning and sorting chamber in which the air is circulated [11,12]. The important
issue is to ensure the uniform speed of the airflow and the pressure in the cross-section
of the sorting chamber. Additional means are used to ensure a uniform airflow rate, but
they usually form resistance to the airflow, which causes higher grain cleaning and sorting
energy costs [6,40].

This grain sorting study was performed using sorting chambers of different shapes to
ensure an even distribution of airflow without using any additional means for airflow leveling.

The results of the working processes of different shape sorting chambers (cross-
sectional, widening, and narrowing) show that when the airflow rate of 11 m s−1 and
10 kg min−1 was used, ~75% of the separated grain fell into the first box of the narrowing
chamber. This is ~30% more than in the first box of the constant cross-section chamber
and 42% more than that in the widening chamber. However, approximately 54% and 68%
less grain was in the second box of the narrowing chamber compared to the grain sorting
chambers of the constant and widening cross-section chambers.

The larger amount of grain entering the narrowing chamber does not ensure sufficient
sorting of the grain, as their size and aerodynamic properties differ, therefore, in the
narrowing sorting chamber, qualitative sorting might be ensured using a smaller grain flow.

In the constant cross-section chamber, grain is distributed evenly: the first box contains
the largest percentage of the separated grain (~52%), the second box—29.3%, the third
box—10.1%, and the fourth box contains 4.9% and approximately 2.2% of the fine grains
and low-mass impurities from the chamber. The results obtained in this study are in line
with the results of other researchers [2,8,33]. The obtained results in the widening and
constant cross-section grain sorting chambers were similar.

These research results will provide knowledge to the manufacturers of grain cleaning
and separation machines on how to ensure high-quality grain cleaning and sorting in
pneumatic separators with different shapes and dimensions to the sorting chamber.

5. Conclusions

Experimental studies determined the terminal airflow velocity of 14% moisture content
wheat grains to be 11.53 m s−1. In the case of terminal airflow, the grain flight coefficient
was about 0.074. After conducting grain sorting experimental studies with different grain
sorting chambers (constant cross-section chamber, widening chamber, and narrowing
chamber) at different airflow velocities, it was found that the area of the sorting chamber
and the airflow velocity are the most important factors influencing the dispersion of grain.

At an airflow velocity of 10 m s−1, about 6 kg min−1 of grain can be fed into the con-
stant cross-section chamber, and about 80% of the wheat grain is then sorted qualitatively at
the beginning of the sorting chamber into the first two boxes. In the widening cross-section
chamber, under similar parameters, about 75% of the grain is fed into the first boxes, but
the quality of the grain sorting was better due to the increasing cross-sectional area of the
chamber. The narrowing cross-section area of the sorting chamber can be used for grain
sorting in low-efficiency machines. Under rational grain sorting parameters (an airflow
velocity of 10 m s−1 and a grain flow rate of 6 kg min−1), the amount of small grains ejected
from the constant and widening cross-section chambers is about 1.5%.

The optimization of the shape and dimensions of the grain sorting chamber enables
ensuring the quality of grain sorting in the airflow without the use of additional airflow
distribution means which form resistance to the airflow and increase the energy consump-
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tion. The obtained research results can be used in designing grain cleaning chambers in
pneumatic grain cleaners.
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Górecka, W. Energy assessment of the pneumatic sieve separator for agricultural crops. Agric. Eng. 2021, 25, 147–155. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1016/j.proeng.2016.06.728
https://doi.org/10.35633/inmateh-63-36
https://doi.org/10.3390/pr9071239
https://doi.org/10.1051/e3sconf/201912600030
https://doi.org/10.3390/pr10101929
https://doi.org/10.1016/j.biosystemseng.2007.08.003
https://doi.org/10.3390/pr10020281
https://doi.org/10.3390/app11104383
https://doi.org/10.1051/matecconf/201822405008
https://doi.org/10.1111/1541-4337.13150
https://www.ncbi.nlm.nih.gov/pubmed/37078119
https://doi.org/10.2478/agriceng-2021-0012

	Introduction 
	Materials and Methods 
	Determination of Aerodynamic Properties of Wheat Grains 
	Determination of Wheat Grain Flow in Sorting Chambers of Different Cross-Sections 
	Statistical Analysis 

	Results 
	Aerodynamic Properties of Wheat Grains 
	Wheat Grain Flow in Sorting Chambers of Different Cross-Sections 

	Discussion 
	Conclusions 
	References

