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Abstract. For the mechanization of the allocation of toxic ergot from 

the rye seeds in a wet way, the urgent issue is the development of a 

device containing a bath with an aqueous solution of salt. The aim of 

the study is to determine the influence of the angle of inclination of 

the bottom of the bath on the rate of immersion of grains in the fluid 

of the device for separating ergot from rye seeds, which will ensure 

the efficiency of the process. Theoretically, we consider the 

movement of individual rye grains along the inclined surface of the 

bottom of the bath of the ergot extraction device. Rye grains have a 

density ρz = (1.2...1.5)·103 kg/m3, a length lz = (5.0...10.0)·10-3 m, a 

width b = (1.4...3.6)·10-3 m, and a thickness δ = (1.2...3.5)·10-3 m. 

Geometric models of these grains are presented in the form of 
cylindrical and spheroidal grains. The movement of grain on the 

surface of the bottom of the bath of an ergot extraction device is 

considered at angles of inclination α = 27, 30, 40, 50, 60, 70, 80, 

and 90 degrees by the methods of mathematical modeling, classical 

mechanics using the laws of hydrodynamics. It was established that 

the angle α of the slope of the surface of the bottom of the bathtub to 

the horizontal should be taken at least 650, at which accumulation is 

excluded due to the rapid rolling of the grain and a decrease in the 

thickness of its layer. 

1 Introduction  

The main raw material for the production of the most important food products for people 

and animal feed is the grain of the main cereal crops, such as rye, wheat, barley and oats. 
However, the listed main crops, especially winter rye, are often affected by ergot [1, 2].  

Therefore, after threshing the grain mass with combine harvesters [3, 4, 5], grain heaps 

contain poisonous ergot sclerotia in addition to grain, organic and mineral impurities [6, 7, 

8]. 
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Therefore, to obtain grain suitable for food, technical and seed purposes, it is necessary 

to clean the grain heap, the task of which is to isolate all impurities, especially toxic ergot. 

The use of various and rather sophisticated grain cleaning machines does not give positive 

results when cleaning grain from these impurities due to the proximity of their physical and 

mechanical properties in terms of speed in the air flow and linear dimensions (width, 

thickness and length) [9-19]. 

However, the grains of the main grain crops (rye, wheat, barley and oats) have a larger 

specific gravity (ρz = (1.2...1.5)∙103 kg/m3) than ergot sclerotia (ρs = (0.9...1.15)∙103 kg/m3). 
Therefore, almost 100% purification of seeds from ergot sclerotia, which differ in density 

from grain, is possible in aqueous solutions of various inorganic salts [20]. 

This circumstance requires the creation of a less energy-intensive and more effective 

machine for the extraction of ergot sclerotia from the seed material, which has the most 

simple, convenient to set up and maintain the main working bodies [21]. 

One way to solve this issue is to create a machine for the separation of ergot sclerotia 

from grain, consisting of a bath, seed and waste conveyors (ergot sclerotia), a hopper with a 

feeder, the wall of which is immersed in a salt solution and separates the bath cavity with a 
seed withdrawal conveyor from the waste conveyor [22]. 

When developing such a machine and performing a technological process with the 

proper efficiency of ergot sclerotia extraction, studies are needed to justify the rational 

angle of the bath bottom between the seed and waste conveyors, which determines the 

speed of grain movement on the surface of this section of the bath bottom. 

In this case, to obtain a more reliable picture of the process when the grains move in the 

fluid along an inclined plane, it is advisable to take into account the real linear dimensions 

and density of the grains, as well as the properties of the fluid, due to the appearance, in 
addition to the force mzg of gravity, the force Ftr of sliding friction and the force N of the 

normal surface reaction, also forces FA of Archimedes and forces FC of fluid hydrodynamic 

resistance. 

2 Materials and methods 

Theoretically, we consider the movement of individual rye grains along the inclined surface 

of the bottom of the bath of the ergot extraction device. Rye grains have a density ρz = 

(1.2...1.5)·103 kg/m3, a length lz = (5.0...10.0)·10-3 m, a width b = (1.4...3.6)·10-3 m, and a 
thickness δ = (1.2...3.5)·10-3 m [20]. 

Geometric models of these grains are presented in the form of cylindrical and spheroidal 

grains. The movement of grain on the surface of the bottom of the bath of an ergot 

extraction device is considered at angles of inclination α = 27, 30, 40, 50, 60, 70, 80, and 90 

degrees by the methods of mathematical modeling, classical mechanics using the laws of 

hydrodynamics. 

3 Results and Discussion 

The speed of movement of grain in a liquid is an important parameter when developing a 

machine for cleaning grain material by density in a wet way to justify its structural and 

technological parameters [23]. 

To determine this speed, it is necessary to take into account the geometric shapes of the 

grains, which have a great variety. Geometric shapes can mainly be represented as 

cylindrical and spheroidal grains. The scheme of forces acting on a cylindrical and 

spheroidal grains when immersed in liquids are shown in Figure 1 and in Figure 2. 

When a cylindrical or spheroidal grain is dropped on the surface of the liquid and the 
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surface tension is overcome, it will move at a constant speed. The grain will move in the 

liquid mainly flat due to the asymmetric location of the center of gravity in it. The grain is 

affected by gravity 
gmz


, Archimedes force AF


, and hydrodynamic drag CF


. Then 

Newton's second law on the y axis has the form: 

0CA  FFgmz ,         (1) 

where mz – the weight of the grain, kg; 

g – gravity acceleration, g = 9.81 m/s2. 

After analyzing the expression (1), the speed of immersion in a liquid was obtained for 
a cylindrical grain [23]: 
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zhzz
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с
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,         (2) 

where rz – the radius of the cylindrical grain, m; 

ρz – the density of the grain, kg/m3; 

ρzh – fluid density, kg/m3; 

c – the hydrodynamic drag coefficient, depending on the Reynolds number. 

 

Fig. 1. The scheme of forces acting on a cylindrical grain when immersed in a liquid 

 

Fig. 2. The scheme of forces acting on a spheroidal grain when immersed in a liquid 
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According to the scientific work [23] for a spheroidal grain, the rate of immersion in a 

liquid is expressed by the following equation: 

zh

zhzz
z

с

gb
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.        (3) 

Taking into account the parameters (width and thickness) of the rye grains under 

consideration and the assumption of the speed υz of the movement of the grain in the liquid 

0.05...0.10 m/s, the kinematic viscosity of the liquid ν = 1.01∙10-6 m2/s (at a water 

temperature of 200C) the coefficient c of hydrodynamic resistance for a cylindrical grain c 

= 1.2, and for a spheroidal grain c = 0.9 [23, 24]. 

After the grains are immersed in liquids, they enter the seed conveyor of the ergot 

extraction device, and part of the grains can reach the inclined surface of the bottom of the 

bath, located between the seed and waste conveyors, along which they begin to move. 
The movement on this surface, as well as during immersion in the liquid due to the 

asymmetric arrangement of the center of gravity for the cylindrical grain will be 

characteristic along the diameter 2rz (flat), and for the spheroidal grain along the main 

minor axis 2bz (flat). 

First, the grain will move slowly along the bottom surface depending on the angle α of 

inclination of the bottom surface to the horizontal and the initial speed of the grain on the 

bottom. At a small angle α, the grain will slow down until it stops, and at large angles α 

slows down to a constant speed. 
The scheme of forces acting on a cylindrical and spheroidal grains, moving along the 

inclined surface of the bottom of the bath with the liquid of the device for separating ergot 

from the grain, presented in Figure 3 and in Figure 4. 

The basic equation for the dynamics of the movement of the grain in the liquid along 

the surface of the inclined wall of the bottom of the bath is written in the form: 

аmFNFFgm ztrz


 CA ,      (4) 

where N – the reaction of the force of the normal pressure of the grain on the inclined 

surface of the bottom of the bath, N; 

Ftr – the friction force of the grain on the steel surface of the bottom of the bath, N; 

a – acceleration of the grain when moving along the inclined surface of the bottom of 
the bath with liquid, m/s2. 

 

Fig. 3. The scheme of forces acting on a cylindrical grain, moving along the inclined surface of the 

bottom of the bath with the liquid of the device for separating ergot from the grain 
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The reaction of the force N


 of the normal pressure of the grain on the inclined surface 

of the bottom of the bath is expressed: 

cos)( gmmN zhz 
.        (5) 

The friction force when sliding the grain on the inclined surface of the bottom of the 
bath is expressed: 

Ftr = f·N,                (6) 

where f – the coefficient of friction of the grain against the inclined surface of the 

bottom of the bath. 

Then equation (4) for a grain moving at a constant speed (a = 0), in projection on the 

inclined surface of the bottom of the bath (axis ox), taking into account the expressions (5) 

and (6), will have the form: 

0cos)(sinsin С   gmmfFgmgm zhzzhz .     

 (7) 

The mass of the cylindrical grain will be equal to [23]: 

zzzzzz lrVm  2
,           (8) 

where Vz – the volume of the grain, m3; 

lz – the length of the grain, m. 

 

Fig. 4. The scheme of forces acting on a spheroidal grain, moving along the inclined surface of the 
bottom of the bath with the liquid of the device for separating ergot from the grain 

The force FА of Archimedes when immersed in a liquid cylindrical grain is equal to the 

weight of the liquid displaced by it [23]: 

glrgVgmF zhzzzhzz  2
A 

.        (9) 

The force FС of hydrodynamic resistance, acting from the liquid side on a cylindrical 

grain of length lz, is expressed by the formula [23]: 
2

С 2 zzhzzlcrF 
,        (10) 

For a cylindrical grain when moving along a diameter of 2rz (flat), equation (7), taking 

into account expressions (8), (9) and (10), is represented as: 

0cos)(2sinsin 2222   glrflcrglrglr zhzzzzhzzzhzzzzz . (11) 

Then the speed of the cylindrical grain when moving along the surface of the bottom 

perpendicular to the axis from the expression (11) is determined: 
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For a spheroidal grain, the force FC of hydrodynamic resistance is determined by the 

following formula [23]: 

2

2

C
zzhcS

F



 ,       (13) 

S – the area of the projection of the body onto a plane perpendicular to the direction of 

movement of the grain (mid-section), m2. 

When immersed in a liquid spheroidal grain along the main minor axis 2bz (flat), the 

area of the mid-section (spheroid) is equal to [23]: 

zzаbS 
,        (14) 

where аz – the semimajor axis of the spheroid, m. 

The mass of the spheroidal grain will be equal to [23]: 

zzzzzz аbVm  2

3

4


.      (15) 

The force of FА Archimedes when moving in a liquid of a spheroidal grain is equal [23]: 

gаbgVF zhzzzhz  2
A

3

4


.      (16) 

For a spheroidal grain, equation (7) in the projection onto the inclined plane of the 

bottom of the bathtub (axis Ox) when moving along the main minor axis 2bz (flat) taking 

into account expressions (13), (14), (15) and (16) is represented as: 

0cos)(
3

4

2
sin3/4sin

3

4

2
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.  (17) 

Then the speed of the spheroidal grain when moving along the main minor axis 2bz 
(flat) along the surface of the bottom of the bath from equation (17) is equal to: 

zh

zhzz
z

с

fgb






3

)cos)(sin(8 


.          (18) 

The speed of movement in the liquid along the inclined surface of the bottom of the 
bathtub of a cylindrical grain is lower in comparison with the speed of the spheroidal grain. 

This circumstance is due to the fact that the grains of the models under consideration differ 

in volumes and their hydrodynamic drags, for which, according to expressions (12) and 

(18), the coefficients 
сrz 2/

<.
сbz 3/8

. 

If the grain lies motionless on the surface of the inclined bottom of the bath, then the 

force FC of hydrodynamic resistance does not act. At the moment of the beginning of the 

movement of the grain along the surface of the inclined bottom of the bathtub, when еще ʋz 

= 0, the friction force trF


 takes the maximum value as in equation (6). Then, from equation 

(7), the angle is expressed at which the moment of the beginning of the movement of the 

grain on the inclined bottom of the bath is determined: 

α = arctg f.        (19) 
Taking into account the coefficient f of friction of rye against steel 0.3...0.5 the angle at 

which the grain begins to move along the surface of the bottom of the bath varies from 17 
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to 270. 

To determine the effective angle α of the tilt of the bottom of the bath, which causes the 

rolling of the grains moving along it, it is necessary to determine the ratio of the speed of 

the grain along the surface of the tilt bottom of the bath to the speed of its free immersion in 

liquid from the angle α of the tilt of the bottom of the bath. 

For a grain of the same model and the same physical and mechanical properties 

according to expressions (2), (3), (12) and (18), this ratio is (%): 

100)cos(sin   fР
zυ .      (20) 

To calculate the speed of movement of the grain in the liquid along the inclined surface 

of the bottom of the bath, the highest value of the coefficient f = 0.5 is taken to exclude 

cases of formation of arches that worsen the technological process of the ergot extraction 

machine from the rye grain. 
The dependency graph (20) is shown in Figure 5, from which it follows that the ratio of 

velocities z
Р  indicates a slowdown in the movement of grain along the surface of the 

inclined bottom of the bath with a decrease in the angle α of the slope of the bath bottom of 

the ergot extraction device. 

For relatively small angles α = 30...500, the value z
Р

 is 25.6...66.7%, respectively. At 

such small values z
Р

, the grain layer moving along the inclined surface of the bottom of 

the bath will be of considerable thickness. This will lead to the accumulation and arching of 

grain and the technological process of the ergot extraction machine from the grain will 

deteriorate. At angles α > 600, the value z
Р

is more than 80%, which indicates that 

accumulation is excluded due to rapid rolling of the grain and a reduction in the thickness 

of its layer. 

 

Fig.5. The dependence of the change in the ratio of the speed of movement of the grains along the 
surface of the inclined bottom of the bath to the speed of its free immersion in liquid from the angle α 
of the slope of the bottom of the bath of the ergot extraction device 

For practical use, it is advisable to take the angle α of the bottom surface of the bath 

located between the seed and waste transporters at least 650 in the ergot extraction machine, 

at which the value z
Р

 = 84% indicates the elimination of vaulting due to rapid rolling of 

the grain and reducing the thickness of its layer [22]. 
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4 Conclusion  

Immersion in the liquid of individual rye grains with a density of ρz = (1.2...1.5)·103 kg/m3, 

a length lz = (5.0...10.0)·10-3 m, a width b = (1.4...3.6)·10-3 m, a thickness δ = (1.2...3.5)·10-

3 m, and their movement along the inclined surface of the bath of the device for extracting 

ergot from the grain in a wet way with the proper efficiency of performing the 

technological process, the angle α of the slope of the surface of the bottom of the bath must 

be taken at least 650. This value z
Р

 = 0.84% indicates the elimination of vaulting due to 

rapid rolling of the grain and reducing the thickness of its layer. 
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