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Abstract: Pneumatic separation is one of the available methods for cleaning seed mixtures. Variously
shaped seeds, including spherical (vetch), elongated (wheat), and pyramid-shaped seeds (buckwheat),
were analyzed in this study. A seed mixture containing 80% of main crop seeds and 20% of other crop
seeds imitating impurities was separated in a pneumatic separator with the shape of an inverted
cone in a stream of air. The regression equations describing the separation efficiency of the main
crop seeds and other crop seeds imitating impurities (η) and the separation efficiency index (ε) were
characterized by high and very high fit to empirical data. The coefficient of determination for the
analyzed seed mixtures ranged from 0.71 to 0.99. The conical separator supported effective separation
of seed mixture components in a stream of air.
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1. Introduction

Seeds often fail to meet the qualitative criteria for processing in the food industry and are frequently
disqualified. Therefore, seed cleaning methods are continuously optimized, and new equipment and
devices that meet stringent industrial requirements and consumer expectations are being developed [1–6].
High qualitative standards are imposed not only on the principal cereal species, but also on buckwheat,
which has emerged as an important source material for the production of gluten-free foods in recent
years [7]. Seeds that are uniform in terms of the desired attributes can be effectively processed and
used in the production of high-quality foods [8–10]. Modern sowing technologies also require seeds
characterized by high viability and germination capacity, as well as seeds that are homogeneous, cleaned,
and sorted [11,12]. Apart from the seeds of crop plants, the seeds of forest trees and shrubs are also
difficult to separate due to considerable variation in size and shape. Wings and cone remnants have to
be removed from the seed mixture, and the separated seed lots are usually small [13,14].

The separation traits that differentiate seeds from impurities are used in seed cleaning and sorting
processes. They include geometric parameters, aerodynamic properties, mass, density, electrostatic and
mechanical properties. The use of various machines and devices in separation processes compromises
the accuracy of seed classification [15,16].Conventional seed cleaning machines and devices (winnowers,
grain graders, separators, aspirators) that rely on a single seed attribute generally do not produce
satisfactory results, and the purified material fails to meet the relevant industrial standards. Therefore,
seed sorting methods are being continuously improved by searching for new separation traits and
designing new equipment [17]. Seed mixtures are separated in a stream of air in specialized pneumatic
cleaners as well as in simpler threshing machines [18–22]. Air flow is frequently used to separate
seeds because pneumatic devices have a simple structure and are easy to operate. [23,24]. Seeds are
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also dried, aired, and transported by a stream of air. Pneumatic devices are popular due to their high
separation efficiency, versatility, and low operating cost.

This group of devices includes separators where the separating screen has the shape of a truncated
cone. Unlike the most popular types of seed separators, devices with a conical screen improve the
quality and efficiency of the separation process. Conical separators are also characterized by a simple
structure, small size, and low energy requirements (relative to the achieved effect), which makes them
worth further development.

Theoretical research into the separation of seed mixtures across conical surfaces where seeds
travel in curvilinear motion was conducted by Gołąb [25–27], Pankowski [28], and Wierzbicki and
Reszczyński [29]. Their findings confirmed that an inverted truncated cone effectively separates seeds
into different fractions. However, in the analyzed solutions, seeds were separated by setting the cone
into rotary motion. Reszczyński and Wierzbicki [29] designed a stationary cone where seeds were
separated and transported by a stream of air.

The aim of this study was to develop a stationary seed separator with the shape of a truncated
cone, where seeds are set into motion by a stream of air to enable effective separation and purification
of a seed mixture composed of spherical, elongated, and pyramid-shaped seeds.

2. Materials and Methods

The model seed mixtures analyzed in this study were composed of three seed species: common
vetch cv. Hanka, spring bread wheat cv. Tybalt, and common buckwheat cv. Panda, which were
purchased in a seed store in Olsztyn. The relative moisture content of the purchased seeds was
estimated at 12.00%. The seeds were selected for the experiment based on their shape: spherical (vetch),
elongated (wheat), and pyramid-shaped (buckwheat). The seed mixture with a mass of 100 g contained
80% of main crop seeds and 20% of other crop seeds imitating impurities in six combinations: vetch
with buckwheat and wheat, wheat with buckwheat and vetch, and buckwheat with wheat and vetch.
The seed mixture was separated in a pneumatic conical separator [30]. The test stand with a power
inverter is presented in Figure 1.
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Figure 1. Test stand: 1—inner cone, 2—outer cone, 3—fan, 4—troughs, 5—base, 6—control knob,
7—power inverter [31].

The experimental factors were:

1. Fixed factors:

• width of the grain inlet, w = 10 mm;
• sample mass, ms = 100 g;
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• length of the cone’s generating line, L = 500 mm;
• trough width, tw = 100 mm;
• cone’s apex angle, 2β = 90◦;

2. Variable factors:

• air stream velocity, V= 18.79 ÷ 19.56 m · s−1;
• moisture content of the seed mixture, M = 10.1 ÷ 17.3%;
• seed mixture variant mw/b—wheat and buckwheat, mw/v—wheat and vetch, mv/w—vetch and

wheat, mv/b—vetch and buckwheat, mb/w—buckwheat and wheat, mb/v—buckwheat and vetch.

The moisture content of seeds was increased to 10%, 14%, and 17%, separately for each seed
species. The target moisture content was achieved by adding the required amount to water based on
the following equation [32]:

Mw =
M1 −M0

100−M1
·m (1)

where:
Mw—the mass of water required to increase the moisture content of seeds, g;
M0—the initial moisture content of seeds, %;
M1—the required moisture content of seeds after water addition, %;
m—the sample mass, g.

After the addition of water, seeds were stirred, placed in air-tight containers and stored in a
refrigerator at a temperature of around 4 ◦C for 48 h. The samples were stirred several times to
uniformly distribute moisture. The samples were removed from the refrigerator one hour before the
experiment to bring seeds to room temperature. Samples with the target moisture content of around
10.00% were left to dry at room temperature for 48 h. The moisture content of seed samples was
determined at 10.10%, 13.70%, and 17.30% by the oven-drying method.

In the first step of the experiment, the width of the grain inlet was set to the preset value. Fan
speed was controlled with the inverter. The seed mixture was poured into the inner cone. Air stream
velocity was determined by measuring the time when the seeds left the outer cone and fell outside
the troughs.

To determine seed separation efficiency, seeds deposited in troughs were manually separated and
weighed on the WPS 3100/C/2 scale to the nearest 0.01 g. The measurements were conducted for all
combinations of variable factors.

The separation efficiency of main crop seeds and other crop seeds imitating impurities (η) was
determined based on the mass of seed mixture components deposited in troughs. The separation
efficiency of each component was calculated with the formula below [33]:

η =
mz

mc
·100% (2)

where:
mz—the mass of impurities separated from the seed mixture, g;
mc—the mass of all impurities in the seed mixture, g;

The separation efficiency index (ε) was calculated for the entire separation process as the most
reliable measure of separation quality [7,33–36]. The closer the value of ε to 1, the higher the separation
efficiency. The value of ε for the preset separation parameters was calculated with the formula below:

ε = ε1·ε2 (3)

The partial values of the separation efficiency index, (ε1) and (ε2), were determined with the
following formula [36]:
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ε1 =
mz

mc
(4)

where :
mz—the mass of impurities separated from the seed mixture, g;
mc—the mass of all impurities in the seed mixture, g;

ε2 =
mo

mn
(5)

where:
mo—the mass of main crop seeds that were not separated from the mixture, g;
mn—the mass of main crop seeds in the mixture before separation, g.

The separation efficiency of seed mixture components (η) and the separation efficiency index (ε)
were processed statistically with the use of a quadratic polynomial multiple regression model. The
results were processed statistically and visualized in Statistica PL v. 13.1 with a graphics module [37].

3. Results

The average mass of the main crop seeds and the average mass of impurities separated from the
model mixtures are presented in Table 1.

Table 1. The average mass of fractions of the model seed mixture.

Mixture Mass of the Main Crop Seeds (g) Mass of Impurities (g)

Mean Standard Deviation Mean Standard Deviation

mv/b 76.00 1.623 2.63 0.124
mv/w 76.27 1.686 16.80 1.291
mw/b 66.19 6.530 3.23 0.660
mw/v 67.14 8.358 14.63 1.519
mb/w 66.02 6.997 0.67 0.145
mb/v 75.67 1.762 2.71 0.266

The statistical parameters describing the separation efficiency of seed mixture components (η) and
the separation efficiency index (ε) are presented in Table 2. The separation efficiency of wheat (ηw) from
the vetch and wheat mixture was characterized by the highest variation (approx. 40.00%). The smallest
variation (approx. 1.00%) was noted in the separation efficiency of wheat (ηw) from the buckwheat and
wheat mixture. The highest average separation efficiency (η) was observed for wheat (ηw) (approx.
97.00%) separated from the buckwheat and wheat mixture. The lowest average separation efficiency
(η) was noted for wheat (ηw) (approx. 16.00%) separated from the vetch and wheat mixture.

The average value of the separation efficiency index (ε) was lowest in the vetch and wheat mixture
at εvw = 0.15. The highest average value of the separation efficiency index (ε) was noted in two
mixtures: vetch with buckwheat (εvb = 0.82) and buckwheat with vetch (εbv = 0.82). In a study by
Konopka [7], buckwheat seeds were separated from a mixture containing wild radish siliques and
rye, wheat, oat, and barley kernels in an indented cylinder separator, and seed separation efficiency
reached 0.63. The seed separation efficiency in a cylinder with nonindented walls was 0.92. In a study
by Kaliniewicz [38], the separation efficiency of a mixture containing buckwheat nutlet seeds and the
seeds of the four main crop species seeds in a grain grader with indented pockets with a depth of
2.4 mm and a 25◦ inclination angle of the edge of trough was determined at 0.78.

Table 3 presents the statistical parameters describing a functional relationship between the
separation efficiency of main crop seeds and other crop seeds imitating impurities (η) and the
separation efficiency index (ε) in a pneumatic conical separator versus the moisture content of the seed
mixture and air stream velocity.
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Table 2. Statistical parameters of the separation efficiency of seed mixtures.

Mixture Indicator Minimum Maximum Mean Standard Deviation Coefficient of Variation (%)

mv/b

ηv (%) 90.3 97.83 94.99 2.029 2.14
ηb (%) 85.54 89.53 86.85 1.069 1.23
εvb (-) 0.79 0.85 0.82 0.018 2.16

mv/w

ηv (%) 90.61 98.65 95.34 2.108 2.21
ηw (%) 6.5 28.81 16.02 6.453 40.28
εvw (-) 0.06 0.26 0.15 0.058 38.27

mw/b

ηw (%) 70.82 93.06 82.74 8.163 9.87
ηb (%) 79.28 89.28 83.86 3.301 3.94
εwb (-) 0.62 0.75 0.69 0.045 6.55

mw/v

ηw (%) 68.5 96.36 83.92 10.448 12.45
ηv (%) 16.45 38.5 26.85 7.595 28.29
εwv (-) 0.15 0.27 0.22 0.038 17.32

mb/w

ηb (%) 70.38 93.88 82.52 8.747 10.6
ηw (%) 95.35 97.9 96.67 0.727 0.75
εbw (-) 0.68 0.92 0.8 0.086 10.79

mb/v

ηb (%) 90.3 97.83 94.59 2.203 2.33
ηv (%) 84.02 89.53 86.45 1.33 1.54
εbv (-) 0.76 0.87 0.82 0.030 3.65

Table 3. Regression equations describing the separation efficiency of main crop seeds and other crop seeds imitating impurities (η) and the separation efficiency
index (ε).

Mixture Indicator Quadratic Equation for Two Independent
Variables F-Statistic Coefficient of

Determination R2 Adjusted R2 Standard Error
of the Estimate

Probability
(p)

mv/b

ηv(%) ηv = 1561.9440·V − 40.8324·V2
− 0.7054·M−

0.0487·M2 + 0.0558·V·M− 14851.6633
21.7588 0.9236 0.8811 0.6994 0.000088

ηb(%) ηb = −35.4946·V + 0.8462·V2
− 2.8372·M +

0.0654·M2 + 0.0473·V·M + 470.2928
4.4226 0.7107 0.5500 0.7169 0.026018

εvb(-) εvb = 13.2259·V − 0.3465·V2
− 0.0183·M +

0.0002·M2 + 0.0008·V·M− 125.3402
26.8688 0.9372 0.9023 0.0056 0.000037
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Table 3. Cont.

Mixture Indicator Quadratic Equation for Two Independent
Variables F-Statistic Coefficient of

Determination R2 Adjusted R2 Standard Error
of the Estimate

Probability
(p)

mv/w

ηv(%) ηv = 982.6563·V − 25.8735·V2
− 4.5382·M−

0.0383·M2 + 0.3122·V·M− 9242.4490
20.2860 0.9185 0.8732 0.7504 0.000118

ηw(%) ηw = −3580.5004·V + 93.7059·V2
− 4.1519·M +

0.2221·M2
− 0.1881·V·M + 34268.8288

42.4999 0.9594 0.9368 1.6223 0.000005

εvw(-) εvw = −32.0733·V + 0.8388·V2
− 0.0652·M +

0.0020·M2
− 0.0002·V·M + 307.2117

35.5309 0.9518 0.9250 0.0159 0.000012

mw/b

ηw(%) ηw = −658.9096·V + 16.8621·V2
− 10.6834·M−

0.3224·M2 + 1.1439·V·M + 6423.9912
138.7481 0.9872 0.9801 1.1521 0.000000

ηb(%) ηb = 1025.5840·V − 26.9327·V2
− 6.0699·M +

0.0481·M2 + 0.1943·V·M− 9652.5159
64.7001 0.9729 0.9579 0.6774 0.000001

εwb(-) εwb = 2.9588·V − 0.0811·V2
− 0.1185·M−

0.0025·M2 + 0.0104·V·M− 26.8180
76.5734 0.9770 0.9643 0.0086 0.000000

mw/v

ηw(%) ηw = −1807.1951·V + 46.7957·V2
− 10.9262·M−

0.5616·M2 + 1.5241·V·M + 17383.7133
67.3760 0.9740 0.9595 2.1020 0.000001

ηv(%) ηv = 823.1210·V − 21.7838·V2
− 15.8127·M +

0.1025·M2 + 0.5485·V·M− 7691.2197
21.7216 0.9235 0.8810 2.6206 0.000089

εwv(-) εwv = 0.7074·V − 0.0215·V2
− 0.1151·M−

0.0013·M2 + 0.0073·V·M− 5.5010
9.0635 0.8343 0.7423 0.0192 0.002552

mb/w

ηb(%) ηb = −1050.9877·V + 27.2712·V2
− 5.6645·M−

0.2891·M2 + 0.8468·V·M + 10115.7044
167.2379 0.9894 0.9834 1.1257 0.000000

ηw(%) ηw = −433.1511·V + 11.3145·V2
− 2.7967·M +

0.0099·M2 + 0.1304·V·M− 4242.6518
32.6969 0.9478 0.9188 0.2073 0.000016

εbw(-) εbw = −13.9320·V + 0.3620·V2
− 0.0862·M−

0.0027·M2 + 0.0097·V·M + 133.9507
149.2372 0.9881 0.9815 0.0117 0.000000

mb/v

ηb(%)
ηg = 1244.6598·V − 32.5966·V2

− 0.4483·M−
0.0505·M2 + 0.1250·V·M− 11799.1722

53.3980 0.9674 0.9493 0.4962 0.000002

ηv(%) ηw = 333.2050·V − 8.7349·V2 + 3.4248·M−
0.0086·M2

− 0.1516·V·M− 3094.8647
53.9682 0.9677 0.9498 0.2979 0.000002

εbv(-)
εgw = 13.7979·V − 0.3614·V2 + 0.0329·M−

0.0005·M2 + 0.0006·V·M− 131.0347
96.5190 0.9817 0.9715 0.0050 0.000000

Where: M—moisture content of the seed mixture, V—air stream velocity.
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The results of the polynomial multiple regression analysis indicate that the regression equations
describing the separation efficiency of main crop seed and other crop seeds imitating impurities (η)
and the separation efficiency index (ε) were characterized by high and very high fit to empirical data.
The coefficient of determination for the analyzed seed mixtures ranged from 0.71 to 0.99.

The quadratic equations describing the relationships between the separation efficiency index of the
seed mixture (ε) versus moisture content M and air stream velocity V are presented in Figures 2–7. Seed
mixtures composed of vetch and buckwheat, as well as buckwheat and vetch, were most efficiently
separated at a moisture content of M = 18.00% and air stream velocity of V = 19.00 m · s−1. In seed
mixtures combining wheat and buckwheat as well as buckwheat and wheat, separation efficiency
was highest at the highest moisture content and maximum air stream velocity. The vetch and wheat
seed mixture was most efficiently separated at the lowest moisture content and maximum air stream
velocity. In the wheat and vetch seed mixture, separation efficiency was highest at the lowest moisture
content and minimum air stream velocity.
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Most seed cleaning and sorting processes rely on the basic properties of seeds (geometric
parameters, mass, and aerodynamic characteristics), which generates reliable results in the majority of
plant species. When the differences between the main crop seeds and impurities are small, successive
cleaning and sorting processes are conducted based on various separation traits. Seed separation
efficiency can be optimized by selecting a trait that maximally shortens the technological process of
separating a seed mixture [33].
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4. Conclusions

The separation efficiency index (ε) of two-component seed mixtures in a pneumatic conical
separator exceeded 80%. These results indicate that the evaluated device can be used for preliminary
seed cleaning in typical processing lines.

The indicators for evaluating the quality of the separation process can be described with a
multivariate quadratic polynomial. Probabilistic mathematical equations formulated a posteriori to
describe changes in the values of dependent variables, i.e., the relationships between the separation
efficiency index (ε) and the separation efficiency of main crop seeds and other crop seeds imitating
impurities (η) versus the values of independent variables, support accurate predictions of the parameters
describing the quality of the seed mixture separation process.

The geometric and aerodynamic properties of seeds should be determined before the seed mixture
is separated in a pneumatic conical separator.
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surface). Inżynieria Rol. 2004, 4, 171–180. (In Polish)
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31. Reszczyński, P.S. Analiza Procesu Rozdziału Mieszaniny Ziarnistej przy Zastosowaniu Stożkowej Powierzchni
Roboczej i Strumienia Powietrza (Analysis of the Process of Granular Mixture Separation Using a Tapered
Work Surface and an Air Flow). Ph.D. Thesis, Uniwersytet Warmińsko-Mazurki w Olsztynie, Wydział Nauk
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