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Abstract: The article presents some of the research on the wider work related to testing and improving
a new rotary cleaning device. The new cereal grain cleaning and separation device can support the
development of sustainable agriculture in terms of seed purity and quality. This device is especially
useful for small and medium-sized farms. This device has the characteristics of a multi-stage screen
aided by an air stream (i.e., by pneumoseparation). The prototype was constructed at the University
of Life Sciences in Lublin. The research was conducted at a test stand, which allowed changes in
the operating parameters of the cleaner and their measurement. The scope of the tests included
determining the influence of the inclination angle of the sieve unit (α) on the effectiveness and
efficiency of oat grain cleaning. The experiment was carried out using two rotational spindle speeds:
5 and 75 rpm. The quality of the separation and cleaning of oat grains was evaluated using six cleaning
process parameters: plump grain mass separation coefficient (Spg), fine grain separation coefficient
(Sfg), fine impurities separation coefficient (Sfi), chaff separation coefficient (Sch), total coefficient of
cleaning effectiveness (E), plump grain cleaning efficiency (qpg). Results showed the significant effect
of the sieve drum inclination angle on the efficiency and effectiveness of oat grain cleaning.

Keywords: rotary cleaning device; grain separation; oat grain; conical sieve

1. Introduction

Agriculture and food production are essential elements of economy and society. Organic farming,
which uses natural resources prudently, is essential for our food production and for our quality of
life—today, tomorrow, and for future generations [1,2]. Organic farming is one of the most developed
and accepted production systems from the aspect of environmental sustainability [3–5]. Realization
of the sustainable agriculture concept requires the implementation of technological progress to
reasonably intensify production and at the same time limit the degradation of soil production potential.
It is necessary to expand and modernize the technical infrastructure of rural areas and the farms [6].

In particular, technological progress is needed in the area of agricultural machinery intended
for small and medium-sized farms. Development requires the introduction of new machine and
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equipment implements to the market in every field. One of the most important processes for agriculture
that requires improvement is grain cleaning and separation. Agricultural products, depending on the
purpose, may need to be cleaned or sorted on suitable machines on the processing lines in order to
prepare the raw material for processing [7]. Process of cleaning grain is aimed at separating impurities
from the customs grain [8]. The requirements for cleanliness are different, depending on the level of
qualification of standard grain. The highest demands are placed on consumer grains processed in
the pharmaceutical and food industries. Process of cleaning is the separation of unnecessary or even
harmful admixtures (impurities) from usable material [9]. Sorting is the second important process,
especially in seed production. It is a division of usable material into groups (classes) of different
utility value (usefulness). It consists of dividing the purified mass of grain into fractions differing in
quality (mainly geometric parameters). The purity of the grain is determined by the percentage of
impurities [10–12]. Cleaned grains and seeds significantly reduce the number of weeds in the field,
which could be eliminated during the vegetation process to obtain the desired crop. This reduces the
number of plant protection products needed to maintain plantations in good agricultural condition.
The reduced consumption of chemicals in organic farming is the main criteria for which the consumers
choose products [13]. Separation also improves the crop quality because quality grains and seeds
can be sorted and others (split, small) eliminated. Quality grain should result in the growth of better,
healthier plants which may reduce the need for use of artificial fertilizers. These possible benefits
are in accordance with the sustainable use of soil resources and could positively affect the natural
environment and development of society as a part of the ecosystem. Research on the cleaning process
of grains and seeds may lead to a design of improved cleaning devices that sort grains to eliminate
weed seeds.

Modern cleaning devices have high precision requirements for separation and cleaning, good
efficiency, as well as the ability to adjust in a wide range of operating parameters and low noise [14,15].
It should be noted that many types of cleaning devices with different construction design are used [10,16].
Devices with rotating sieves have many advantages, such as no need for leveling in the transverse
direction to the longitudinal axis, no distortion of the screen with excessive load, a larger usable screen
surface (with the same dimensions of the device). In comparison with the classic grain and seed
cleaners the authors’ proposed new rotary cleaning device replaces the vibrating motion of the flat
sieves with a rotary motion of the conical screen assembly. This has resulted in a significant reduction of
noise emissions during the operation of the rotating cleaning device and increase in the durability of its
individual components. Vibrations of machine elements, especially of large mass, are usually the cause
of instability of machines, as well as may lead to their destruction [10,16]. However, the main idea was
to shorten the grain cleaning process by eliminating the usage if a trieur (indented cylinder separator)
to isolate the damaged grain, because this is done on a fine grain sieve. In addition, the cleaning
process has been shortened due to the replacement of the initial, main, and final stages with one stage.

The new original part is a three-segment conical sieve through which individual fractions are
separated. The separation process of the fourth fraction is pneumatically supported by a fan located
at the end of the conical sieve drum housing. Air flows through the increasing cross-section of the
sieve housing (diffuser). The use of two transfer blades located in the first segment (for separating
small impurities) is a novelty. They cause the even distribution of the cleaned mixture and transfer it
to the upper part of the sieve, from where the tested mass falls into the air stream generated by the
exhaust fan [17]. Determining the relationship between the parameters of the new cleaning device may
enable proper regulation and control of the cleaning process and may have a measurable effect on
the product quality. The above positive features encouraged development of a prototype of a new
rotary cleaning device and for research aimed at determining the range of its technological operating
parameters to be undertaken. This may enable its implementation into production and usage in
industry. The appropriate selection of parameter values requires experiments on the prototype of the
device, according to a carefully prepared investigation scheme. The goal of the presented paper is to
analyze the sieve unit (sieve drum) inclination angle in the rotary cleaning device and to determine the
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inclination value. This may increase performance of an optimized process of oat grain cleaning and
removal of impurities contained in these grains. At this stage of the research we assumed constant
moisture of the grain mixture, and a constant feeding capacity and fan speed.

Cleaning devices aimed at achieving higher cleaning efficiency and versatility to adapt them to
various types of seeds currently play an important role [10,18]. However, this is not easy, because
despite similar impurities, there are seeds with different properties. The problem of analyzing the
cleaning process of various granular materials was the subject of some research [19–24]. The separation
process depends on many factors including physical, geometric, and aerodynamic properties of the
granular material [25,26].

In the cleaning and segregation tests oat was used that gives an indispensable portion of energy
to both humans and animals. Oats are characterized by a very high nutritional value due to two times
more oil than other grains. These are mainly polyunsaturated fatty acids, which in addition to energy
supply have a beneficial effect on health [27,28]. Oats are a uniquely nutritious food as they contain an
excellent lipid profile and high amounts of soluble fiber [29,30]. It is necessary to know the physical
characteristics of seeds that can form the basis for their separation and the processes governing them
to create the most efficient cleaning devices [31]. An especially important influence on seed cleaning is
the moisture of cleaned products [32–34].

2. Materials and Methods

2.1. Investigated Device

The investigated device is a rotary cleaning device prototype, patented in 2012 [17]. The separation
of the cleaned mix, consisting of oat grains and impurities, is done on sifting sieves supported with an
air stream to separate the chaff. The main idea of the applied cleaning method is to combine sifting
with pneumatic cleaning [17,35]. The constructed device can be used as a stationary cleaner for cereal
grains and seeds. The research was conducted at a test stand equipped with measurement devices
for laboratory tests of cleaning and separation processes to assess performance of the investigated
prototype (Figure 1). The design of the machine was developed and performed in accordance with
safety standards, with an implemented safety function, developed on the basis of risk analysis [36].Processes 2020, 8, 346 4 of 16 
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indicator of sieve drum inclination angle, 8–hopper, 9–blower, 10–rotary valve of fine impurity 
segment, 11–rotary valve of fine grain, 12–rotary valve of plump grain segment, 13–valve closing 
mixture outlet. 
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Sieve drum inclination angle K (˚) -7.5–10.0 

Blower angular velocity (rpm) 0–720 

2.2. Research methodology 

For the purpose of this research, a special grain mix was prepared, containing oat grains and 
impurities. The main test material was oat grains gleaned with a combine harvester. The mix for 
analysis and assessment of the cleaning process consisted of four fractions in the following weight 
proportions: oat plump grains (6.8 kg), oat fine grains (2.6 kg), and fine impurities—poppy seeds (0.2 

Figure 1. View of the stationary rotary cleaning device: 1—stationary frame, 2—mobile frame, 3—fine
impurity segment, 4—fine grain segment, 5—plump grain segment, 6—chaff outlet container (bag),
7—indicator of sieve drum inclination angle, 8—hopper, 9—blower, 10—rotary valve of fine impurity
segment, 11—rotary valve of fine grain, 12—rotary valve of plump grain segment, 13—valve closing
mixture outlet.
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The new stationary cleaning device provides:

• The possibility of continuous speed regulation of the cone screen.
• The possibility of continuous fan speed control.
• The possibility of change of the power bandwidth.
• The possibility of chaff collecting.
• The possibility of selecting the cleaned mass in four fractions.
• The possibility of changing of the inclination angle of the sieve drum.
• The ability to exchange sieves.

The characteristics of the technical parameters are shown in Table 1.

Table 1. Characteristics of technical and working conditions.

Parameter Value

Feed system for cleaned material

Container capacity (kg) 30

Required capacity (kg·s−1) 1.25

Size of container outlet gap for capacity of 1.25 kg·s−1 (mm) 2.6

Sieve drum

Drum angular velocity (rpm) 0–240

Sieve drum angular velocity terminal ngr (rpm) 0–80

Sieve opening size

Fine impurity sieve (mm) 2.5

Fine grain sieve (mm) 4

Sieve drum inclination angle K (◦) −7.5–10.0

Blower angular velocity (rpm) 0–720

2.2. Research Methodology

For the purpose of this research, a special grain mix was prepared, containing oat grains and
impurities. The main test material was oat grains gleaned with a combine harvester. The mix for
analysis and assessment of the cleaning process consisted of four fractions in the following weight
proportions: oat plump grains (6.8 kg), oat fine grains (2.6 kg), and fine impurities—poppy seeds
(0.2 kg) and chaff (0.4 kg). Altogether, the prepared test mix weighed 10 kg. The characteristics of the
oat grain are shown in Table 2.

Table 2. Selected properties of oats (type Kasztan) and chaff used in experiments.

Property Value

Oat Stalk length (m) 0.90

Spike length (m) 0.10–0.20

Number of grains per spike 20–45

Grain mass/straw ratio 0.3–0.7

Grain yield (t ha−1) 5.0
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Table 2. Cont.

Property Value

Plump Grain Fine Grain

Grain length (mm) 10.203 8.70

Grain width (mm) 2.47 2.07

Grain thickness (mm) 3.09 2.95

1000–grain weight (g) 18.5–30.25 15.5–23.8

Grain moisture (% by weight) 11.0 11.0

Chaff Moisture content (%) 9.3

Length (m) 0.006–0.008

Width (m) 0.004

Thickness (m) 0.0001

The composition of the mixture was selected in such a way that it was similar to the cleaned
material from a combine-harvester after harvest. However, due to the small mass of the mixture
sample, the mass of impurities was increased to allow a better evaluation of the cleaning process. Oat
grain came from the experimental farm of the University of Life Sciences in Lublin (Lublin, Poland).
Fine impurities, i.e., weed seeds and sand occurring at harvest, were replaced by poppy seeds, which
had similar physical and geometrical parameters (Table 3).

Table 3. Selected properties of Przemko cultivar of poppy and of sand.

Mean Value

Grain length (mm) 1.0–7.5

Grain width (mm) 0.5–0.75

Grain moisture (% by weight) 9.00

Morphine alkaloid content (%) 0.05

Fat content (%) 48

The moisture of each component was as follows for plump grains and fine grains—11%, for fine
impurities—9%, and for chaff—9.3%. After cleaning, each fraction was weighed using an electronic
scale, exactly to 0.002 kg. The time for the separation of each fraction was measured with a stopwatch.
On the basis of the measured values we established, we calculated separation coefficients for each
fraction and the total coefficient of cleaning effectiveness. The research was performed with the test
stand of the cleaning device after selecting the sieve unit inclination angle α, for instance, α = 2.5◦,
and then fixing it with bolts. Next, the sample of the test mix was poured into the hopper. After
activating the device, a constant rotational speed of the fan was established at 500 revolutions per
minute (rpm) using a power inverter. Next, the value of the sieve drum rotational speed was selected
in the range from 0 to 80 rpm, for instance, 5 rpm with a 5–rpm step. Afterwards, the mixture outlet
closing valve was opened, and the cleaned mix was fed into the sieve drum via gravitation supported
by the feed screw. After the separation of fractions from the tested sample was completed and the
fractions were separated into individual containers, each separated mix component was weighed on the
electronic scale. During experiments, fine grain and plump grain separation times were measured with
a stopwatch. Response surface methodology (RSM) was used to plan experiment [37]. Cereal grain
cleaning is a nonlinear process that requires advanced control algorithms [38], therefore a nonlinear
controller was connected to the system [39]. The measurements were performed for five angles, with
five repetitions for the entire range of the sieve drum rotational speed.
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2.3. Evaluating of Cleaning Effectiveness and Statistical Analysis

To assess the separation process there were proposed mass separation coefficients for each fraction.
To determine the separation performance the separation coefficient S was introduced, defined by the
formula below:

Si =
mi
Mi

(1)

where: mi—mass of substance separated after cleaning, Mi—precleaning mass of substance in the
mixture, index i = fi, fg, pg, ch, the indices corresponding to each fraction: fi—fine impurities, fg—fine
grain, pg—plump grain, ch—chaff.

The analysis of separation performance was based on the calculated total cleaning effectiveness
coefficient (E) [10]:

E =
mb
Mb
−

ma

Mpg
(2)

where: ma—plump grain mass in waste, mb—impurity mass in waste, Mb—impurity mass in mixture,
and Mpg—plump grain mass in mixture.

The plump grain mass in the waste, ma, was defined as follows:

ma= Mpg −mpg (3)

where: Mpg—plump grain mass in mixture, mpg—plump grain mass after the cleaning process.
The mass of impurity in the waste (mb) was calculated using the following formula:

m= m f i+m f g+mch (4)

where: mfi—fine impurity mass in the waste after cleaning, mfg—plump grain mass in the waste after
cleaning, and mch—mass of chaff in the waste after cleaning.

The impurity mass in the mixture Mb was defined as follows:

M= M f i+M f g+Mch (5)

where: Mfi—fine impurity mass in the mixture, Mfg—fine grain mass in the mixture, Mch—chaff mass
in the mixture.

The cleaning efficiency for plump grain qpg was defined as follows:

qpg =
mpg

tpg
(6)

where: mpg—plump grain mass after the cleaning process, tpg—time of separation process.
Statistical analysis was performed using Statistica (StatSoft, Inc., Tulsa, OK, USA). The effect of

inclination angle was tested by one-way analysis of variance (ANOVA) at the level of significance of
p = 0.05, followed by a post-hoc Tukey’s honest significance difference (HSD) test.

2.4. Method for Measuring the Inclination Angle of the Sieve Unit

The rotary cleaning device has a stationary frame and a mobile frame. The mobile frame is used
as a structure to which the elements of the test stand are attached. In the front part, the stationary
frame is connected to the mobile frame through a hinge, and the control mechanism (screw) of the
sieve unit inclination angle is located in the back part (Figure 2). The control range of this mechanism
is within 10◦ upwards and 7.5◦ downwards with respect to the horizontal position (0◦). The reading
of the inclination angle is done using the angular indicator located on the frame. Two flats are used
for placing the mobile frame in a working position. These flats have holes located in 2.5◦ steps
and two bolts for locking the frame in the required position. The complete methodology of this
research was elaborated according to the published guidelines, and it has been presented in our earlier
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papers [40,41]. The influence of the sieve drum inclination angle on the process of separating particular
fractions was investigated at the blower rotational speed νd = 500 rpm and at two sieve drum rotational
speed νd values, νd = 5 rpm and νd = 75 rpm. Since this research was very labor–intensive, only two
extreme values of the sieve drum rotational speed values were chosen for analysis. In this study, we
assumed the following nomenclature: selecting the negative sieve drum angle decreases the sieve drum
inclination angle, and the positive one increases it. Five values of the inclination angle α were analyzed,
from α = −2.5◦ through α = 0◦ to α = 2.5◦. These values were chosen on the basis of the analysis of
earlier investigations of the combine harvester sieve unit, performed for the full range of the sieve drum
inclination angle. No investigations were performed in this paper for inclination angle values above
2.5◦ or below −2.5◦, as during the initial tests we observed that the cleaning process did not proceed
properly, and the device did not fulfill its purpose. The preliminary investigations for other inclination
angles yielded parabolic curves representing graphs of the analysis results. Therefore, the results were
approximated using second order polynomials. The analysis of the inclination angle was limited to
two characteristic sieve drum rotational speed values, the lower limit νd = 5 rpm and the upper limit
νd = 75 rpm of the device working range. Repeated experiments according to the same program allow
more information to be obtained about the research subject. Each experiment was repeated five times,
as repetitions increased the precision of the measurements, and the influence of outliers on the final
measurement could be decreased. Additionally, more information about the measured object was
obtained, and the results better approached improved values in terms of optimization.
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Figure 2. Indicator and control mechanism of the sieve unit inclination angle.

The constructed prototype of the cleaning device should be additionally equipped with a set of
sieves for the fine impurities section and the fine grain section with various mesh sizes and spacing.
Currently in the examined prototype of the equipment one mesh spacing pattern was used, the mesh
size being chosen in such a way as to make it possible to examine the basic types of grain without the
necessity to replace them and without the need to determine whether it affects the cleaning process in
a significant way.

The mesh size was considerably larger than necessary to allow for free passage of individual seeds
and grains of the separated fractions. Thanks to that it was possible to control the separation process so
that more or less grain of plump grain would reach the fine grain fraction. Under dynamic operating
conditions of the cleaning device the sieve mesh size did not matter for the lower range of the rotary
speed of the sieve drum (3–10 rpm). Regarding the upper range of the rotary speed values of the sieve
drum (60–75 rpm) the mesh size is extremely important in particular for the analyzed case, fine grain is
considered the waste because as a result of the operation of the centrifugal force the plump grain gets
to the fine grain fraction, therefore causing a disruption in the separation process and in the proper
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operation of the equipment. However, it does not matter when the fine grain and the plump grain
fraction are one product (separation into three fractions). Such a selection of mesh size shows some
significant principles of the device universality. The division into four fractions should be applied
when it is necessary to separate fine grain and damaged grain that is considered a waste e.g., in seed
production. In such a case the upper value (e.g., 70 rpm) of the recommended range of the rotary speed
values of the sieve drum should be used. Regarding the needs of processing in the food industry, lower
values (e.g., 45 rpm) of the recommended range of the rotary speed values of the sieve drum can be
used because fine grain can be the product to be used for further processing e.g., for flour or fodder.

To sum up the conducted laboratory testing as well as the analysis of the results presented in
the form of diagrams are shown above and in other works by the author [40]. It was found that the
cleaning device is effective at cleaning of the oat grain, however, it requires further research under
industrial conditions [41].

3. Results and Discussion

3.1. Influence of the Sieve Drum Inclination Angle on the Cleaning Process

In this section we analyze the influence of the sieve drum inclination angle on separation
coefficients for each fraction, as well as the total coefficient of cleaning effectiveness and cleaning
efficiency for the blower rotational speed νb = 500 rpm and feeding throughput tf = 1.25 kg·s−1.
Our goal was to separate all plump grains from the other ingredients of the mixture, and to achieve
both maximal purity and maximal efficiency at the same time. These qualities are interrelated, so we
expected tradeoffs while optimizing their values. All analyses were performed for two sieve drum
rotational speed values, the lower limit νd = 5 rpm and the upper limit νd = 75 rpm of the drum rotation
range. The diagrams illustrating the results of these analyses are included in the following subsections.

3.2. Analysis of the Influence of Sieve Drum Inclination Angle on the Cleaning Process at vd = 5 rpm

The relationship between the plump grain separation coefficient Spg and the sieve drum inclination
angle α is shown in Figure 3a. As we can see, the value of the oat plump grain separation coefficient
Spg increased with the increase of the sieve drum inclination angle to about 1.384, where value of
inclination angle is α = 2.5◦.Processes 2020, 8, 346 9 of 16 
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Figure 3. Analysis of the influence of the sieve drum inclination angle on the cleaning process for
νd = 5 rpm: (a) plump grain separation coefficient Spg, (b) fine grain separation coefficient Sfg, (c) fine
impurities separation coefficient Sfi, (d) chaff separation coefficient Sch, (e) total coefficient of cleaning
effectiveness E, (f) plump grain cleaning efficiency qpg.

The increase in the plump grain separation coefficient value Spg above unity is evidence of fine
grains penetrating into the plump grain fraction. Fine grains were penetrating partially into plump
grains within the entire range of the investigated angle, but the largest amount was penetrating at the
α = 2.5◦ inclination angle. Therefore, this value of the inclination angle of the sieve drum is not correct.

The correlation graph of the oat fine grain separation coefficient Sfg on the sieve drum inclination
angle is shown in Figure 3b. The value of the fine oat grain separation coefficient has the highest value
of 0.135 for the sieve drum inclination angle α = −2.5◦. Then the value of t decreases with the increase
of the inclination angle of the sieve drum.

The graph of the fine grain separation coefficient is inverted compared to the plump grain
separation coefficient (Figure 3a,b). Therefore, these coefficients are clearly interdependent. The largest
amount of fine grains is released at the angle of inclination α = −2.5◦, in this case the coefficient of fine
grain separation Sfg = 0.135. The correlation of the fine impurities separation coefficient Sfi on the sieve
drum inclination angle is presented in Figure 3c.

As can be seen, the course of the graph of the fine impurities separation coefficient has a local
maximum (Sfi = 0.946)—for the angle of inclination of about α = −1.75◦. The graph of the correlation
between the chaff separation coefficient Sch and the inclination angle of the sieve drum is shown in
Figure 3d. This graph shows that the highest value of the chaff separation coefficient Sch = 0.70 was
obtained at angle α = −2.5◦.

The graph of the correlation between the total cleaning effectiveness coefficient E and the inclination
angle of the sieve drum is shown in Figure 3e. As can be seen, the value of the total cleaning effectiveness
coefficient E decreased with the increase of the inclination angle of the sieve drum. This change is
caused by a change in the level of distribution of plump grains from fine grains, which, in this case, is
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treated as an impurity. In this case, the separation of plump grains from fine grain is disturbed while
maintaining relative purity.

The highest cleaning effectiveness E = 0.606 was obtained for angle −2.5◦. Cleaning effectiveness
strictly depends on cleaning efficiency. While the total cleaning effectiveness coefficient is highest for
inclination angle of sieve drum α = −2.5◦, however, cleaning efficiency is much smaller than for angle
α = 2.5◦. The highest efficiency qpg = 0.22 kg/s was obtained for angle α = 2.5◦. Cleaning efficiency
course has local minimum (qpg = 0.128 kg/s) for inclination angle α = −1.75◦.

The performed analysis of variance (one–way ANOVA) showed (Table 4) that for νd = 5 rpm
the value of the sieve drum inclination angle had a significant effect on the obtained parameters
(at a significance level of p = 0.05). According to the post–hoc test (Tukey’s test) the analyzed parameters
differed significantly with two exceptions, i.e., for the plump grain separation coefficient (Spg) values
obtained with a −2.5◦ and 1.25◦ (1–2) sieve drum inclination angle, for groups 2–3, 3–4, 3–5, and 4–5
for Sch and for the qpg values for 1–2, 1–3, and 2–3 groups (Table 5).

Table 4. Significance level for the ANOVA analysis.

νd(rpm) Spg Sfg Sfi Sch E qpg

5 0.00 0.00 0.00 0.00 0.00 0.00

Table 5. Tukey’s honest significance difference (HSD) test for the ANOVA.

νd (rpm) Spg Sfg Sfi Sch E qpg

1–2 0.479 0.000 0.000 0.047 0.000 0.885

1–3 0.000 0.000 0.000 0.000 0.000 0.575

1–4 0.000 0.000 0.000 0.000 0.000 0.000

1–5 0.000 0.000 0.000 0.000 0.000 0.000

2–3 0.000 0.000 0.000 0.171 0.000 0.109

2–4 0.000 0.000 0.000 0.038 0.000 0.000

2–5 0.000 0.000 0.000 0.031 0.000 0.000

3–4 0.000 0.000 0.000 0.746 0.000 0.000

3–5 0.000 0.000 0.000 0.685 0.000 0.000

4–5 0.000 0.000 0.000 1.000 0.001 0.000

1–2 indicates the significance level between group 1 and group 2, 1–3 indicates the significance level between group
1 and group 3, etc. For group 1 α = −2.5◦, for group 2 α = −1.25◦, for group 3 α = 0◦, for group 4 α = 1.25◦, for group
5 α = 2.5◦. Means that lack significant differences are shown in bold.

3.3. The Analysis of the Influence of the Sieve Drum Inclination Angle on the Cleaning Process for νd = 75 rpm

The graph shown in Figure 4a presents the relation of the oat plump grain separation coefficient
Spg on the sieve drum inclination angle. As can be seen, the graph course has a local minimum
(Spg = 1.05) for inclination angle circa α = −0.5◦. This graph differs from the curve obtained for the
plump grain separation coefficient for the sieve drum rotational speed νd = 5 rpm (Figure 3a). When
νd = 75 rpm, the coefficient Spg exceeds, only slightly, the unity value (about 1.12 for α = 2.5◦), whereas
for νd = 5 rpm the value of Spg was much larger above unity for the entire investigated range of the
sieve drum inclination angle α.
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Figure 4. Analysis of the influence of the sieve drum inclination angle on the cleaning process for
νd = 75 rpm: (a) plump grain separation coefficient Spg, (b) fine grain separation coefficient Sfg, (c) fine
impurities separation coefficient Sfi, (d) chaff separation coefficient Sch, (e) total coefficient of cleaning
effectiveness E, (f) plump grain cleaning efficiency qpg.

The relation of the fine grain separation coefficient Sfg on the sieve drum inclination angle is
presented in Figure 4b. The fine grain separation coefficient Sfg reached the highest value 0.55 when
the inclination was about −1◦ and then decreased with the increase in the sieve drum inclination
angle. This effect is mainly caused by the reduction of time of sifting the mixture in the sieve drum.
The diagram of the correlation between the fine impurities separation coefficient Sfi and the sieve
drum inclination angle is shown in Figure 4c. As can be observed, the value of the fine impurities
separation coefficient Sfi decreased with the increase in the sieve drum inclination angle from −2.5◦ to
2.5◦. The goal was to obtain values as close to unity as possible, so we concluded that the angle just
above 0◦ is recommended. This is caused by fine grains penetrating to fine impurities.
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Comparing Figures 3c and 4c, we can observe that for the sieve drum rotational speed νd = 5 rpm,
value of the fine impurities separation coefficient Sfi is slightly lower than for νd = 75 rpm, as the
maximal Sfi value obtained for νd = 5 rpm was Sfi = 0.946 (for α = −2.5◦), whereas for νd=75 rpm the
highest Sfi value was Sfi = 1.08. The relationship between the chaff separation coefficient Sch and the
sieve drum inclination angle is presented in Figure 4d. As we can see, value of the chaff separation
coefficient Sch increases with the increase in the sieve drum inclination angle. This effect is caused by
the increased amount of grains penetrating into the chaff mass.

Comparing graphs of the chaff separation coefficient Sch for the sieve drum rotational speed
νd = 5 rpm (Figure 3d) and for νd = 75 rpm (Figure 4d) we can observe that they are reversed, one
with respect to another. In the first case, Sch coefficient value increases with the increase of sieve drum
inclination angle. In the second case, this coefficient decreases with the increase of inclination angle.

The relationship of the total coefficient of cleaning effectiveness E on the sieve drum inclination
angle is shown in Figure 4e. The value of the total coefficient of cleaning effectiveness E has a local
maximum (E = 0.93) for inclination angle α = −1.25◦ and decreases with the increase in the sieve drum
inclination angle. This effect is caused by the reduction of sifting time and, as a result, more grains
were penetrating into the chaff fraction, increasing the amount of waste. The relationship of the plump
grain cleaning efficiency qpg on the sieve drum inclination angle is illustrated in Figure 4f. The plump
grain cleaning efficiency increased with the increase in the inclination angle. However, as the cleaning
effectiveness increased, the cleaning efficiency decreased. Additionally, as can be concluded from the
graphs shown in Figures 3f and 4f, the plump grain cleaning efficiency for the sieve drum rotational
speed value νd = 5 rpm was lower, and the maximal qpg value obtained was qpg = 0.22 kg/s, whereas for
νd = 75 rpm the maximal obtained qpg value was qpg = 0.259 kg/s.

In summary, considering the obtained results of analysis on the influence of the sieve drum
inclination angle on the course of the oat grains cleaning process, we would like to underline that the
cleaning device performed its role properly within the investigated sieve drum inclination angle range.
However, assuming that the most important criterion is grain purity, such cleaning device should work
in the range of sieve drum inclination angle from −2.5◦ to 1◦. Assuming such a value of the sieve drum
inclination angle is a good trade-off between the satisfactory cleaning effectiveness and its efficiency.

For the sieve drum rotational speed νd = 75 rpm, a one-way analysis of variance was performed
(Table 6; at p = 0.05). The conducted tests showed that for this value of the sieve drum rotational speed
the sieve drum inclination angle had a significant effect on the calculated parameters. Post hoc analysis
showed that obtained parameters differed significantly (Table 7). The significance level was above 0.05
for groups 2–3 (for Spg), for groups 1–2, 3–4, and 4–5 (for Sch), and 1–3 (for E).

Table 6. Significance level for the ANOVA analysis.

νd (rpm) Spg Sfg Sfi Sch E qpg

75 0.00 0.00 0.00 0.00 0.00 0.00

Table 7. Tukey’s HSD test for the ANOVA.

νd (rpm) Spg Sfg Sfi Sch E qpg

1–2 0.000 0.000 0.0170.000 0.089 0.000 0.002

1–3 0.000 0.000 0.000 0.000 0.973 0.000

1–4 0.0010.000 0.000 0.000 0.000 0.000 0.000

1–5 0.000 0.000 0.000 0.000 0.000 0.000

2–3 0.348 0.000 0.003 0.087 0.000 0.000

2–4 0.000 0.000 0.000 0.002 0.000 0.000
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Table 7. Cont.

νd (rpm) Spg Sfg Sfi Sch E qpg

2–5 0.000 0.000 0.000 0.000 0.000 0.000

3–4 0.000 0.000 0.002 0.184 0.000 0.000

3–5 0.000 0.000 0.000 0.003 0.000 0.000

4–5 0.000 0.000 0.007 0.493 0.000 0.000

1–2 indicates the significance level between group 1 and group 2, 1–3 indicates the significance level between group
1 and group 3, etc. For group 1 α = -2.5◦, for group 2 α = -1.25◦, for group 3 α = 0◦, for group 4 α = 1.25◦, for group
5 α = 2.5◦. Means that lack significant differences are shown in bold.

4. Discussion

The constructed cleaning device requires research that will allow selection of technological
parameters and will give information that will enable the improvement of this device.

The possibility of change of inclination angle in the range from −7.5◦ to 10.5◦ (established in the
cleaning device design) can be limited to the range from −2.5◦ to 2.5◦. The conducted test confirmed it
because cleaning efficiency decreased significantly on the borders of this range. It was confirmed by
the analysis of the influence of the sieve drum inclination angle on the course of the cleaning process of
oat grains, presented in this paper.

The analysis of the sieve drum inclination angle had to take into account the whole range of
the rotational speed, as well as all quality indicators, such as the separation coefficients for each
fraction, the total coefficient of cleaning effectiveness, and the cleaning efficiency. As this research is
very labor-intensive, only two values of the sieve drum rotational speed values were analyzed. After
completing investigations for these two extreme values of the sieve drum rotational speed and for
five sieve drum inclination angle values, the obtained results suggest the need to continue research to
determine the device settings that ensure the correct operation of the machine when separating oat
grains from the mix for different atmospheric conditions and material moisture.

For this inclination angle value (from −2.5◦ to 2.5◦) the max plump grain separation coefficient
Spg was obtained as Spg = 1.384 for the sieve drum rotational speed νd = 5 rpm and as Spg = 1.12 for
νd = 75 rpm. The coefficient exceeding unity indicated that fine grains penetrated into the plump
grain fraction.

The maximum value of the total cleaning efficiency coefficient (E = 0.93) for plump grain was
observed for the sieve drum inclination angle α = −1.25◦ for the rotational speed of the sieve drum
vd = 75 rpm, while for vd = 5 rpm it is E = 0.615 for α = −2.5◦. The effectiveness of plump grain cleaning
qpg was highest for inclination angle α = 2.5. However, it should be noted that for this angle the total
cleaning efficiency coefficient is the lowest. A high value of total coefficient of cleaning efficiency was
the decisive factor to determine sieve drum inclination angle for cleaning of oat grains.

It should be emphasized that for the investigated rotary cleaning device the cleaning efficiency is
closely related to the cleaning effectiveness, and the tests also confirmed this. The analysis of results of
the separation and sifting of oat grains from impurities showed that for the rotational speed νd = 5 rpm,
the value of the total cleaning efficiency coefficient has lower values (E = 0.565 to 0.605) for the entire
investigated range of sieve drum inclination angle. Whereas, for the sieve drum rotational speed
νd = 75 rpm the value of the total leaning efficiency coefficient has bigger values (E = 0.86 to 0.93)
for the entire investigated range of sieve drum inclination angle. The improvement in grain cleaning
efficiency was caused by increases in the centrifugal force facilitating sifting. The optimal value of
sieve drum inclination angle is α = −1.25◦ for νd = 75 rpm (all indicators except qpg). For the sieve
drum rotational speed νd = 5 rpm only fine impurities separation coefficient Sfi has the optimum for
the sieve drum inclination angle α = −1.25◦.

We are planning to continue the investigations of the rotary cleaning device, using the presented
results as guidelines, in order to determine the optimal settings of the device for its proper operation
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and to obtain the highest available effectiveness and efficiency. Controlling the process in which the
material is organic is difficult because these materials change their properties over time. Such processes
are usually nonstationary and nonlinear, for such processes advanced control algorithms must be
used [38].

The constructed cleaning device can be useful in small and medium farms where ecological
production is often carried out as part of sustainable agriculture. The constructed device can be
powered by electricity obtained from natural sources (sun, air, water, etc.). The device is designed
for the separation and cleaning of various agricultural products, not only cereal grains but also peas,
beans, broad beans, and other products.

5. Conclusions

The tested rotary cleaning device adapted for cleaning oat grains, turned out to be the correct
construction that fulfills its role well. The pre-applied inclination angle of the sieve drum (α = 0◦) as a
natural basic position of the sieve drum was properly selected. The optimal value of most coefficient is
for the angle α = −1.25◦. However, the effectiveness of plump grain cleaning qpg suggests increasing
the value of this angle (for example α = 0◦).

The angle of device location has a significant impact on the quality of the cleaning and grain
separation process, which was confirmed by statistical analyses.
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