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Abstract. The paper analyzes the separation of heaps in the separation chamber of the pneumatic system in a
fractional grain pretreatment machine. The finding is that the components of feed grain may reach the
sedimentation chamber. A reflective partition must be in place to fully capture them in the separation chamber.
The paper analyzes the estimated trajectories of grain particles of various grains to optimally position the front
edge of this partition. The Selma feed oats are found to be moving the closest to the outer wall, which is why
their trajectories define where the front edge of the reflective partition must be. When placing the front edge of
the reflective partition at 0.25 m off the outer wall of the pneumatic system, the vertical setpoint is 0.515 m. To
confirm the theoretical findings, the research team conducted experiments to find out the exact vertical and
depthwise distribution of grain components in the separation chamber. The experiments used a laboratory bench
version of the pneumatic system like those used in grain pretreatment machines. For experiments, the team
prepared a grain mix that comprised Abava barley grains (50 % large-particle grains, 45 % small-particle
grain) + 5 % of light impurities. The experiments showed that to prevent the grain from infiltrating in the dust
exhaust located between the reflective partition and the outer wall, the front edge of the partition must be set at
0.47 to 0.55 m vertically, 0.25...0.30 m off the outer wall, which confirms the estimates.
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Introduction

The most important task in the agricultural sector is the production of grain for seed, food and
feed purposes. Ensuring the safety of the harvested crop and bringing it to marketable products
depends on the level of mechanization of post-harvest processing and storage of grain [1].

In post-harvest processing of grain heaps, the flow-line grain treatment technology is mainly used
[2]. It involves passing the entire multicomponent grain heap through several sequentially installed
grain treatment machines for various purposes. Its disadvantages [1; 2]:

1. Underutilization of the power of individual machines and equipment, since the maximum
performance of a line running on a flow-line technology is determined by a machine, which
performance in these conditions is minimal;

2. Drying of feed grain in a single stream with the seed grain, which increases the load on the seed
grain dryer, reducing its performance and work efficiency;

3. Incompleteness of the process in terms of quality indicators due to the lack of special machines
and low efficiency of grain treatment machines, which causes the need to repeatedly pass the
same amount of grain heap through the same machines.

Increasing the number of passes to achieve the required quality of seeds for purity increases the
degree of their injury, which is one of the main reasons for reducing yields.

One important way to improve the quality of grain treatment is to separate it by fractionation,
which makes use of various physical and mechanical properties. Researchers and companies in a
number of countries develop and produce grain treatment machines that provide for the separation of
grain material into fractions [3-6]. Separating a grain heap into seed and feed by airflow helps isolate
the most productive seeds, improves the production line performance, and reduces damage to the
grains [7-9].

Materials and methods

For pneumatic fractionation of harvested grain, the Federal Agricultural Research Center of the
North-East named N.V. Rudnitsky has developed a grain treatment machine that contains a pneumatic
separator and a three-level sieving mill [10].

The pneumatic separator shown in Fig. 1 uses an open circuit and consists of: a feeding roller 1,
an inclined pneumatic separation channel 2, a loader-distributor 4, a reflective plane 6, a diametral fan

DOI:10.22616/ERDev.2020.19.TF151 679




ENGINEERING FOR RURAL DEVELOPMENT Jelgava, 20.-22.05.2020.

8, and airflow controller 9, an exhaust pipe 10, a sedimentation chamber 11, and a separation chamber
14, which splits into two outlets for particles of different size 12 and 15.
4
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Fig. 1. Pneumatic separator diagram: 1 — feeding roller; 2 — inclined pneumatic separation channel;
3 — wall between 2 — and the separation chamber; 4 — loader-distributor; 5 — dust exhaust;
6 — reflective plane; 7 — upper wall; 8 — diametral fan; 9 — airflow controller; 10 — exhaust pipe;
11 — sedimentation chamber; 12, 15 — outlets for particles of different size; 13 — wall between the
separation chamber and the sedimentation chamber; 14 — separation chamber

The pneumatic separator functions as follows. The loader-distributor 4 drives an auger to evenly
distribute the input heap across the pneumatic separator; the heap is further fed to the feeding roller 1,
which feeds it to the inclined pneumatic separation channel 2. The diametral fan 8 induces an airflow
controlled by the airflow controller 9; in the pneumatic separation channel 2, this airflow captures the
light impurities and carries through the dust exhaust 5 formed by the upper wall 7 of the pneumatic
system and the reflective plane 6. The impurities end up in the sedimentation chamber 11. Light
impurities settled in the chamber 11 are excreted by the outlet 12.

Crushed, shriveled, or small grains (all constituting the feed grain) have a greater critical terminal
velocity than the light impurities; as they pass under the reflective plane 6, the inertial and
gravitational forces force them to settle in the separation chamber 14, where the outlet 15 forces them
out. Feed grain may account for 30 % + of the heap. The diametral fan 8 forces the airflow from the
sedimentation chamber 11 to go through the exhaust pipe 10 to the dust filter (not shown). Gravity
forces heavy grain out of the pneumatic separation channel 2.

In the course of separation, some of the feed grain components may mix with the light impurities
and end up in the sedimentation chamber 11. To capture more of them, the front edge of the reflective
plane 6 of the separation chamber 14 must be optimized positionally.

The goal hereof is to find analytically and experimentally the optimal front edge position with
respect to the feeding roller and the outer wall of the pneumatic system.

The research presented herein was both analytical and experimental. The theoretical research was
based on the known classical mechanics and aerodynamics laws, as well as on the Runge-Kutta
method for discretization of differential equations [11-13].

Pursuant to the theory of turbulent jets, the airflow in the separation chamber could be represented
as a semi-limited turbulent jet of an incompressible fluid [11]. Apply these theories to find the
trajectories of grain particles in a separation chamber. To that end, assume that: the jet substance is
incompressible; the boundary layer on either boundary of the jet starts to develop in the initial section
1 at the outlet of the pneumatic separation channel, see Fig. 2a; the section, where the jet boundary
layer 4 interfaces with the wall boundary layer 2, is where the initial flow segment ends and the
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primary segment begins; the airflow speed in the initial jet section 1 Vj = const; the airflow velocity
beyond the jet 5 is V, = 0.
a) Y

(R

Fig. 2. Diagram of airflow formed by the semi-limited turbulent jet (a); diagram of forces acting
on a moving particle in the separation chamber (b): 1 — initial jet section; 2 — wall boundary layer;
3 — constant velocity core; 4 — jet boundary layer; 5 — jet boundary

Consider the initial segment of the semi-limited turbulent jet in the x;0,y; coordinate system, see
Fig. 2a. Represent the velocity profile in each cross-section of the initial segment by three
mathematical dependencies [11; 12].

In the domain O < x; < d, the velocity profile can be described by the equation:
Vel
n:(?j-nw (1)

where ¢ — wall boundary layer thickness, m;
Assume that the velocity is constant in the domain J < x; < x;; and equals:

Vi = Voo 2)

In the domain x;; < x; < xy,, the velocity profile is approximated by the equation:

T
vll[j ] v ®
b

where x;; — inner boundary of the jet boundary layer, m;
b — thickness of the jet boundary layer, m.

A particle moving in the separation chamber is affected by the gravity G directed vertically
downwards, see Fig. 2b; and by the airflow resistance force R that is directed against the relative
velocity V, of the particle. The basic equation of the material point dynamics is written as:

m-a=R+G, 4)

where m — particle mass, kg;
a — particle acceleration, m-s™.
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Projecting onto the selected coordinate axes 0y x; and Oy, produces a system of differential
equations:
m-X, =R, +G-cosa;
{ ”k xk - (5)
m-y, =R, —G-sing,
where R, =-m-k,-V,-V,, and R, =-m-k, -V, -V,

.« — projections of the airflow resistance
force R onto the coordinate axes;

o — angle between the airflow velocity vector and the horizontal, deg;

k, — windage factor, m’:

Vr — modulus of relative velocity, m- st

Ve and Vg, — projections of relative velocity onto the coordinate axes.

Appropriate transformations return:

X, :kp <X, -\/)'ckz +(y, —Vb)2 + g -cosq;

(6)

Vo ==k, (5 = V)G + (3, —V,)” —g-sina

To solve the system of differential equations (6), substitute the airflow velocity found from (1),
(2), and (3), depending on where the particle is positioned in the semi-limited turbulent jet at the time.

This system of second-order differential equations does not have an exact analytical solution,
even if the airflow velocity V), is constant. Therefore, its numerical solution should be found by the
Runge-Kutta method [9]. Reduce the system (15) to four first-order differential equations X, = A, and
¥r = By, obtaining:

Ak zkp A, -\/Ak2 + (B, —Vb)2 + g-cosa;

G = A ™)
Bk :_kp (B, _Vb)'\/Ak2 + (B, _Vb)2 —g-sina;
j’k =B,.

Before solving the system (7), add initial conditions: #y = 0; Xy = Xi; Yo =0; X0 = Vi-cosfis
Y = Vysinf;, where x;; is the position of the ith particle in the section when leaving the pneumatic
separation channel, m; V; is the absolute velocity of the ith particle when leaving the pneumatic
separation channel, m- st P is the angle between the absolute particle velocity and the 0, x; axis, deg.

Find the trajectories of feed grains in the separation chamber, which have a maximum windage
factor k, = k, max. Trajectories were computed for such airflow velocity in the initial jet section (in the
pneumatic separation channel) that was equal to the minimum terminal velocity of full-size, non-
defective grain V, = V, ., for channel depth & = 0.25 m. The edge of the wall between the pneumatic
channel and the separation chamber was set experimentally, estimated as H, = 0.05 m. Trajectories of
feed grains in the separation chamber were found in the X0Y coordinate system.

Basic common methods were used for experimental research of vertical and depthwise
distribution of initial grain components in the separation chamber; the laboratory bench did not have
the reflective plane 6 (Fig. 1), while the process parameters of the pneumatic system were constant:
pneumatic  separation channel depth #A=0.25m; wupper channel height H,=0.05m;
separation/sedimentation chamber wall height H.=0.50 m; feeding roller speed n =115 min;
channel inclination @=80° [14]. For studies, the specific grain feed rate was set to
8.6 +0.1 kg's"-m". Waste of full-size, non-defective grain was maintained at 0.05 + 0.001 % in all
experiments.

For experiments, the team prepared a grain mix that comprised Abava barley grains (50 % large-
particle grains, 45 % small-particle grain) + 5 % of light impurities; the moisture content was 14 %.
The material was separated into large and small grains, using a sieve with 2.8 mm rectangular holes.
For light impurities, the team used wooden sawdust, as its aerodynamic properties were found similar
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to those of light impurities normally found in Abava barley grain heaps. The sawdust was sieved
through a sieve with 1.7 mm wide oblong rectangular holes.

Light impurities could be fully extracted at airflow velocities in the separation zone of at least
5.0 m-s”'. The material is best separated into small and large grains at the airflow velocity V, = 9.4-
9.8 ms’.

The experiments used a 6-segment sampler with two covers. For experimentation, the researchers
set the sampler at different vertical setpoints in the separation chamber. Figure 3 shows the sampler
installation diagram.

oy

Fig. 3. Sampler installation diagram

To estimate the vertical and depthwise distribution of grain components in the separation
chamber, the researchers used the relative mass (a; for light impurities and a,; for grain) that the
components in each sampler segment had; these were found by the formulas:

,=.100,% ®)
m,

a

where my; — mass of light impurities in the ith sampler segment, g;
my, — total mass of light impurities in the sampler, g.

mzi

a . =

i

-100,% » )

m,,

where m,; — mass of grain in the ith sampler segment, g;
m,, — total mass of grain in the sampler, g.

Results and discussion

Figure 4 shows the calculated trajectories of feed grains of barley, winter rye, oats, and wheat in
the separation chamber. The dependencies show that the Selma oat grains move the closest to the outer
wall at k, =3.13 m’' with the pneumatic separation channel airflow velocity V,, = 5.1 m-s. This leads
to a conclusion that it is the Selma oat trajectories that will determine the position of the front edge of
the reflective plane. Thus, if the front edge is set at the pneumatic separation channel depth
h, = h =0.25 m off the outer wall, its vertical setpoint is ¥, = 0.515 m off the feeding roller.

If the front edge is set farther off the outer wall, some of the feed grains (oat) will infiltrate in the
dust exhaust 5 shown in Fig. 1, which is between the upper wall 7 of the pneumatic system and the
reflective plane 6; the exhaust will carry it to the sedimentation chamber 11, where light impurities
settle. If the front edge is set closer to the outer wall, most of the light impurities will pass under the
reflective plane and settle in the separation chamber 14, thus jeopardizing the filtering performance.
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The vertical setpoint of the front edge also determines the airflow through the dust exhaust and
through the separation chamber. Setting the front edge lower will reduce the airflow through the
separation chamber, thus jeopardizing the removal of light impurities from the separation chamber into
the sedimentation chamber. Setting it higher will reduce the airflow through the dust exhaust, which
might cause some of the light impurities to stay on the inner wall of the exhaust, i.e. on the reflective
plane.
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Fig. 4. Trajectories of feeder grains in the separation chamber

Table 1 shows the experimentally found vertical and depthwise distribution of grain in the
separation chamber.

Table 1
Depthwise and vertical distribution of the grain components in the separation chamber
Vertical setpoint Light impurities a;, % Grain a;, %
of the sampler Sampler segment # Sampler segment #
Y0, m 1 2 3 4 5 6 1 2 3 4 5 6
0.095 - 1.5 | 6.6 {298 |62.1| - - - 351236729 -
0.220 - - 1.1 | 59 1292|638 - - - 32 |22.0]74.8
0.345 - - - 25 235|740 | - - - - 89 | 91.1
0.470 - 150850 | - - - - - 100
0.595 - - - - 55 945 - - - - - -

After installing the sampler in the separation chamber at Y,, = 0.095 m, light impurities distribute
as follows in four segments: Segment 2 a, = 1.5 %; Segment 3 a; = 6.6 %; Segment 4 a3 =29.8 %,
and Segment 5 a;5 = 62.1 %. Grain distributes in three segments: Segment 3 a; = 3.5 %; Segment 4
a4 =123.6 %, and Segment 5 a5 =72.9 %. The sixth segment of the sampler is inactive, as it overlaps
with the shared separation channel/separation chamber wall.

A different depthwise distribution of grain material in the separation chamber is observed at
higher sampler setpoints. Most of the light impurities and grain shifts towards the separation chamber
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(Segments 5 and 6). At Y,=0.595m light impurities distribute in two segments: Segment 5
a;s =5.5 % and Segment 6 a; = 94.5 %. In this case, all grain goes to the separation chamber, and no
grain ends up in the sampler.

The finding is therefore as follows: to prevent the grain from entering the dust exhaust and to
divert most of the light impurities to that exhaust, the front edge of the reflective plane must be set at
Y, =0.47-0.55 m vertically and h,=0.25-0.30 m off the outer wall of the pneumatic separation
channel.

Conclusions

1. The researchers analyzed the estimated trajectories various grains would follow in the separation
chamber; the analysis identified the best position for the front edge of the reflective plane:
Y, =0.515 m vertically off the feeding roller, with the dust exhaust depth 4, = h =0.25 m.

2. The conducted experiments show that to prevent the grain from infiltrating in the dust exhaust
located between the reflective partition and the outer wall, the front edge of the partition must be
set at 0.47 to 0.55 m vertically, 0.25...0.30 m off the outer wall, which confirms the estimates.
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