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Abstract 
The process of drying in a moving grain layer with cross ingrained production line of a siccative agent is applied 
in some constructions of dryers. To determine the effectiveness of inversion the modeling of the drying process 
was developed, which is based on dependences describing the drying process in the layer. The description of the 
drying process in the potentials of mass transfer which allowed considering the changing profiles of moisture 
content and temperature interactive streams of a grain and a grain drying agent was proposed. The efficiency of 
inversion during the process of drying is achieved. When modeling two - and three-segment organization of 
drying process of a grain moving layer with inversion (direction alternation) interacting flows of grain and 
drying agent, it is established that on the second segment in both cases allows reducing the unevenness of the 
dried-up grain, leaving the dryer. 
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1. Introduction 
1.1 The Analysis of the Structure and Modes of Inversion of the Grain Moving Layer 

In applied and developed grain drying apparatus (De Farias R. P. et al., 2004; Podgorny S.A. et al., 2014) the 
drying process in a moving layer is realized. It interacts with the cross-flow drying agent. The flows inversion in 
the dryer can be effective (Babalis S.J. et al., 2005). For reasoning the structure and modes of inversion of the 
grain moving layer it should be modeling the process of drying with the assessment of the distribution profiles of 
potential mass carry (Podgornaya S.A., et al., 2012) in interacting flows. 

In the present case, the modeling process with the potentials of mass carry in a moving layer with cross-flow 
drying agent can be simplified on the basis of dependency similarly to the heat exchange between intersecting 
streams (Hausen H., 1976; Anzelius, A., 1926; Hoffman A., 2000; Kosachev V.S. et al., 2008) when using the 
potential of transportation. In this case, the differential system of heat and moisture equations in a grain is 
converted into one generalized differential equation of transfer capacity (Maroulis, Z. B. et al., 1995; Qi, J.S. et 
al., 1996; Parry, J. L., 1985). From this point of view the established process of drying of a grain layer can be 
represented as the process of potential migration in a two-dimensional orthogonal coordinate system: the height 
of the layer of material and goods movement on the dryer (Chemkhi S. et al., 2004; Chemkhi S. et al., 2002; 
Tarek J. J et al., 2010) 

2. Materials and Methods 
2.1 Modeling of the Drying Process to Determine the Effectiveness of Inversion Layer Moving Grain 

In the concerned process (Figure 1), the original drying agent with the potential decrease in the vertical direction 
Y flows evenly distributed through the layer of a dried material moving from left to right, and all of the settings 
related to the drying agent, have the index “1”. For x = 0 Θ1 = Θ10, which means that the input capacity of the 
drying agent 1, Θ10, for all values of x is constant. Source drying material with increased capacity in the 
horizontal x-direction flows evenly distributed from left to right, and all values are index “2”. For x = 0 Θ2 = 
Θ20, which means that the input potential material 2, Θ20, for all values of y constant.  
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The initial dryable material with the potential extension in a horizontal x-direction flow evenly dispersed from 
the left to the right and all values have the same index “2”. For x = 0 Θ2 = Θ20 that means that the entrance 
potential of a material 2, Θ20, for all values y is constant. 

Figure 1. The denotations for scheme analysis of potential transportation in the dryer with cross – cut stream 
flow of the dryable material and the drying agent penetrating it 

 

Considering that potential represents conditional size, and is defined rather reference size, we will consider 
change of excess potential from its conditional zero value. In this case the potential of the drying agent 1 changes 
from y = 0 to Y, and a material 2 layer from x = 0 to X. 

The mass flows of the drying agent (kg/s) and drying product (kg/s) in conditions of the established mode of 
drying are considered permanent. 

To set the balance of potentials we use a similar approach to the heat balance. Considering the path of the drying 
agent (dy) and the dryable material (dx), which cross each other on an elementary area (dx×dy). In this section, it 
is occurred the potential transportation between the drying agent and dryable material through the cross-cut area 
of the element. The mass elementary flow of the drying agent 1, taking into account a mass capacity

( )1 1 /mM C dy Y⋅ ⋅ , changes the potential at a speed (∂Θ1/∂x)×dx, at the same time the elementary stream of the 
dryable material 2, taking into account a mass capacity ( )2 2 /mM C dx X⋅ ⋅ , changes the potential at a speed 
(∂Θ2/∂y)×dy. 

The description of the process is possible on the basis of obtaining similar dependences of potential exchange 
between intersecting streams (Kosachev V.S et al., 1976) 
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As a result of integrating by parts of equations (1) and (2) the following expressions for the local 
non-dimensional potentials are obtained:  

In the drying agent: 

( ) ( ) ( )1
0 0 0

, . 1 exp exp
! ! !

i m iN N m

i m i

b b a
a b N b a b

i m i= = =

 
Θ = − − ⋅ + − − ⋅ ⋅ 

 
                 (3) 

in the dried material: 

( ) ( ) ( )2
0 0 0

, . exp exp
! ! !

i m iN N m

i m i

a a b
a b N a a b

i m i= = =

 
Θ = − ⋅ − − − ⋅ ⋅ 

 
                   (4) 

The received ranks quickly meet and give the sufficient accuracy of the decision at 6 … 7 members. They can be 

M2 

M1 
 Θ

2(
x=

X
) 

 Θ
2(

x=
0)

 Θ1(y=0) 

Θ1(y=Y) 



www.ccsenet.org/mas Modern Applied Science Vol. 9, No. 4; 2015 

128 
 

used for calculating the potential fields of dryers. 

For modeling the drying at multi-graded phase contact change it is necessary to find the solution at the initial 
uneven distribution of potentials. The problem was solved numerically, for this purpose the initial differential 
equations are presented in final differences (Kosachev V.S. et al., 2010). At initial evenly distribution of 
potentials the analytical decision was used as a reference for the numerical decision. 

For identification the parameters of grain drying process the experimental data obtained by drying a layer of 
wheat were used (Mironov, N.A. et al., 2010).  

The kinetics of drying of a grain layer was studied at constant process parameters: temperature, velocity and 
humidity of the drying agent. 

Using the expression for the relative potentials of the drying agent and the drying material layer (3) and (4), and 
also the dependences for determining the grain potentials:  

( ) ( )575,566 exp 16,1627 ,
Дж
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and a drying agent: 
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The received dependences between potentials and moisture content, allowed defining the mass values, using the 
equations respectively for grain (5) and moist air. 

The generalized curve of kinetics of a wheat grain layer drying through potentials according to the data of 
experiences depending on parameter b is presented by the following equation: 

20,3384 0,9551K b bΘ = − ⋅ + ⋅                              (7) 

The processing of experimental data has shown that the parameter b is linearly related to the drying time of the 
material. 

As a result of the dispersive analysis it was established that statistically significant factors are the temperature 
(Tr) and the air speed (Vr). At the same time adequate equation describing Kb, is: 

0,15345 0,00041 0,00052b r rK T V= − + ⋅ + ⋅                          (8) 

2.2 The Description of the Drying Process Allowing Considering the Changing Profiles of Moisture Content and 
Temperature Interactive Streams of a Grain and a Grain Drying Agent 

When modeling with the use of numerical methods of final differences, the sequence of segments was 
considered, which differed the direction of the drying agent flows (Babalis S.J. et al., 2005; Tarek J. J. et al., 
2010; Albaraka Z. et al., 2008; Davidson et al., 1999). 

Figure 2 shows the versions of the two-segment scheme. 

Fundamentally there are two possible variants: A - without inversion and B - with inversion. The modeling 
results are presented in Table 1. 

 

 
Figure 2. Variants of two-segment scheme 
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Table 1. Statistical characteristics of a potential flow of a dried-up material in the two-segment scheme (without 
rotation and with rotation) 

Parameters  
Without 
rotation 

With rotation 

The average potential on the first segment 0,263 0,263 
The average potential at the exit from the first segment 0,478 0,478 
The average potential on the second segment 0,619 0,627 
The minimum potential on the second segment 0,347 0,347 
The maximum potential on the second segment 0,865 0,762 
Average potential at the exit from the second segment 0,733 0,753 
The minimum potential at the exit on the second segment 0,589 0,750 
The maximum potential at the exit on the second segment 0,865 0,762 

 

Apparently from the presented data (Table 1) the potential transmission efficiency at a change of the direction of 
a potential flow of the drying agent on the second segment increases in comparison with the constant direction of 
this potential flow. 

Thus, the use of two-segment model allows, if supporting the identical uniformity of drying, reducing the 
effective length of a potential contact on this axis. 

We’ll consider the variants of the three-segment scheme (Figure 3). 

 
Figure 3. Versions of the three-segment scheme 

 

In the variant A there’s no inversion, it may be accepted as the basic and be calculated on the analytical 
dependences. 

 

Table 2. Statistical characteristics of a potential flow of a dried-up material without change of the direction and at 
a change of the direction of a potential flow of the drying agent on the second segment on 180 degrees in the 
three-segment scheme 

Parameters  
Without 
rotation 

With rotation 

The average potential on the first segment 0,151 0,151 
The average potential at the exit from the first segment 0,288 0,288 
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Parameters  
Without 
rotation 

With rotation 

The average potential on the second segment 0,398 0,403 
The minimum potential on the second segment 0,191 0,191 
The maximum potential on the second segment 0,652 0,521 
Average potential at the exit from the second segment 0,498 0,510 
The minimum potential at the exit on the second segment 0,346 0,505 
The maximum potential at the exit on the second segment 0,652 0,521 

 

Apparently from the presented data (Table 2) the efficiency of a potential transfer when changing the direction of 
a potential flow of the drying agent on the second segment (option B) increases in comparison with the constant 
direction of this potential flow. Options С and D are kinds of the two-segment scheme. The indicators of options 
B and D are close on uniformity of drying (Figure 4), but by option D there are less inversions and respectively it 
is simpler. 

 
Figure 4. The standard deviation of the profile field potentials of the stream dried grain Θ2 in a three-segment 

scheme 

 

The given theoretical analysis showed that the use of inversion, i.e. the periodically change of the direction of 
moving grain layer blowing, will ensure uniform drying without reducing the thickness and temperature of the 
drying agent, and will have high efficiency and low specific energy consumption. 

The scheme of flows of the drying agent in the dryer is shown in Figure 5. By placing the internal cruciform 
dividers the distribution camera is divided into four zones, two are located aflat taking away a flow of the drying 
agent passed through moving layers of grain from external collectors, and the other two are located vertically 
bringing the initial drying agent from furnace – ventilating units. Horizontally located taking-away cameras from 
the furnace – ventilating units are muffled, and from the opposite side are open. Vertically located bringing 
cameras on the contrary, from the furnace – ventilating units are open, and from the opposite side are closed. 
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Figure 5. The scheme of movement of the inverted flows of the drying agent in a grain dryer 

 

As a result, the channels of the symmetrical bifurcated flow of grain, created between the outer and inner 
perforated walls, divided into three sections - the inclined upper, middle and lower sloping vertical. Accordingly, 
these three sites purged drying agent - in the direction of the top of the inner zone of the feed to the outside; 
middle - in the direction of the external reservoir in the internal abductor zone; lower - in the direction of the 
feed zone to the outside. Due to such established system of alternation of flows direction, the uniformity and 
intensity increase of drying grain is provided. 

For a two-module dryers, to overcome the above drawbacks it is proposed to install a single inverter (grain 
flow). 

In this case the zone of motion of a symmetrical bifurcated grain flow is divided into five sections - the upper 
sloping, the middle vertical, and the inverting area, the lower vertical and lower sloping. 

The dryer has an inverter that is installed between the working chambers adjacent the flow path of the grain of 
one of the channels in the same channel on the opposite side. At the same time the sides of a grain layer before 
passing through the inverter changing the places against the flow direction of the drying agent. Internal cameras 
are formed by a horizontal partition of the general internal rhomboid space. Vertically two chambers - the upper 
and lower - are connected to the furnace – ventilating units, which they injected the original drying agent. From 
the opposite side the both cameras are closed by a solid partition. Therefore, the flow of drying agent permeates 
the perforated inner wall of successively moving grain layer, the perforated outer wall and then leaves the space 
surrounding the dryer. 

There are two variants of the inverter. The first version is the non- driving line inverter (Figure 5) and the second 
version is the driving inverter (Figure 6). 

Non- driving inverter (Figure 5) represents the systems of channels of the device facilitating the flow of fluids 
located opposite to each other. 

Each of the devices facilitating the flow of fluids in a two-modular grain dryer has a receiving apparatus and the 
receiver for flow collecting and sending them to the bottom module of the dryer unit. The inverter is located at 
the intersection of flows in the zone. 

As shown in Figure 5, the devices facilitating the flow of fluids are casing to each other so that the dissectors 
alternate with each other. 

Such performance of the dryer provides the movement of a grain material adjacent to an internal wall, above the 
lying working camera of the dryer to external walls underlying, and from external walls overlying to internal 
underlying that increases uniformity of drying. 

Accordingly, these portions are blown by a flow of drying agent in the direction of the inside of the distribution 
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chamber to the outside. Due to such a scheme of motion of the grain flow the intensity and uniformity of drying 
grain is provided. 

 

Figure 5. The scheme of movement of grain in a two-modular dryer, non-inverting (grain flow) 

 

For a two-module dryers inverted (grain flow), it is possible the use of the driving inverter (Figure 6). 

The inverter includes two porTable troughs located opposite each other on the intersection of which there is a 
cylindrical tube with holes on the sides and edges to distribute the movement of grain layers. The branch pipe set 
in motion by the driving gear with a pace servo-engine. It is possible to use hydro or pneumocylinders with a 
control system. 

In general, the developed technical proposals allow to realize the drying process with inversion, which provides 
uniformity and intensity of a drying grain. 

 
Figure 6. The scheme of grain movement in a two-module dryer by inverting (grain flow) 

 

Thus, the intensification of the process and increase of the uniformity of drying is possible with the use of 
inversion - changing the direction of interactive flow of grain drying and drying agent. 

3. Results and Discussion  
The process of drying of a moving grain layer with inversion application, i.e. periodical change of the expulsion 
direction, increases the uniformity of drying, without reducing thickness of a layer and temperature of the drying 
agent that gives the high quality and drying productivity. 

At initial uniform distribution of potentials when drying a grain moving layer blown by a cross flow of the 
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drying agent, the description of process is possible on the basis of analytical dependence. When drying a grain 
layer with the initial uneven distribution of potentials on height, the numerical decision is received by a method 
of final differences. 

The experimental data on the kinetics of drying the wheat layer with high accuracy generalized the dependences 
for relatively average height of the potential layer from parameter b. 

The drying process with the use of inversion is possible in two ways: the stream dried material does not change 
its direction of movement, and the flow of the drying agent changes or the flow of the drying agent does not 
change its direction of movement, as the stream of the dried material changes. For realization of these ways two 
designs of dryers are offered. 

4. Concluding Remarks 
When modeling two - and three-segment organization of drying process of a grain moving layer with inversion 
(direction alternation) interacting flows of grain and drying agent, it is established that on the second segment in 
both cases allows reducing the unevenness of the dried-up grain, leaving the dryer. 
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