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ABSTRACT

This chapter describes how drying is the most power-consuming process of post-harvest processing. 

Methods are viewed of how to heighten productivity of grain-drying equipment and to decrease energy 

consumption of the process. Using electrically activated air as a drying agent provides greater efficiency 

in the process of drying grain with active ventilation. Saturation of the air with ions in this case is con-

ducted cyclically. This allows the use of reactions of the biological object called “caryopsis” to cause 

external impacts to the material increasing the efficiency of drying. The parameters of the drying agent 

are changed by controlling the electric heater. The dependency of the rate and energy consumption of 

drying on the drying agent allows control of the process. The chapter presents experimental obtained 

dependencies, which allow for the design of algorithms to control the aforementioned type.
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INTRODUCTION

One of the most important problems of crop production is decreasing moisture content of freshly 

harvested grain. Drying is the most energy consuming process of post-harvest processing. Increasing 

performance of grain-drying equipment is significant industrial and research task. In this work, features 

of drying grain in dense still layers are viewed. Preference is given to the bunkers of active aeration, as 

setups with wide use and multiple functions.

One feature of drying, the same as of the other technological processes of agriculture, is working with 

biological objects. This characteristic allows to use the energy of the very biological object to solve the 

problems of the product manufacturer. The task is to free this energy saved by the object and to learn 

to control its use.

The results of experimental studies show that with the use of electric current, electric and magnetic 

fields, energy consumption is reduced, and drying performance is increased. This can be the use of a 

direct current, a constant or a high-frequency field. In addition, the use of ozone has a positive effect 

on drying.

On the one hand, there are many examples of increasing the efficiency of drying using electrical 

influences. On the other hand, there is no clear scheme how to act to get a positive effect under any 

conditions. Therefore, in the proposed material, the authors outlined the principles that should be used 

to improve the efficiency of grain drying. An example of the use of electroactivated air shows how these 

principles should be realized.

Increasing the efficiency of drying can be achieved by improving the algorithms for controlling 

electrical equipment. The authors show how changing the performance of the fan and the power of the 

heating elements of the stove can give positive results.

MOTIVATION

Depending on the climatic zone, it may be necessary to dry up about 70% of the collected grain. If the 

moisture content in freshly harvested grain does not decrease, then mold and microorganisms actively 

develop in it, which leads to its spoilage. In a grain with a moisture content of more than 20%, foci of 

temperature increase rapidly develop. In these centers, the grain temperature can reach 60-80 degrees. This 

also leads to large grain losses. Therefore, drying is a necessary process, which is designed to preserve 

the crop. However, this is the most energy-intensive process in the post-harvest processing system. This 

requires a lot of electricity, liquid fuel, gas. Reducing these costs is an important production problem and 

a serious scientific task. In the presented material, the authors show how to reduce energy consumption 

for drying and improve the productivity of equipment.
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BACKGROUND

Principles Which Can Serve as Foundations for 
Advancement of Grain Drying Technology

Usage of energy saved by a biological object was viewed by the authors on the example of post-harvest 

and pre-seeding grain processing (Vasilyev A.N. (2008b); Vasilyev A.N., & Kononenko A.F. (2008b)). 

Herewith, several approaches were used: adaptive, energetical, thermodynamical, informational. As a 

result of analysis of each approach, reactions of the object on external impact are formulated and re-

quirements to the technological process are presented. Fulfilling these requirements will allow to control 

biological reactions of the object for the purpose of solving production tasks.

With the use of adaptive approach (Vasilyev, Udincova & Jaltanceva, 2008) it is determined that:

• In order to establish adaptational reactions on the level of not just structural but functional chang-

es, the impact must be gradually increasing, continuous and cyclical;

• Initial magnitude of impact must be minimal in order to conduct adaptational reactions on the 

lower levels of reactivity. Level of activation will be the highest in this case.

• To get the reaction of activation, it is necessary to apply physical impact of definite magnitude, 

which further must be further reduced or ceased. Then, it is needed to increase magnitude of the 

impact by 20-25% with regards to the initial value;

• Greatest effect from physical impact is achieved when combining unspecific reactions with spe-

cific ones.

Energetical approach allowed to make several conclusions:

• The principle of energy economy does not always dominate in behaviour and development of 

biological objects, hence it cannot be taken as the main one;

• System of self-regulation of biological processes in a caryopsis has several stationary conditions 

defined by characteristics of the species and history of the previous developments and post-harvest 

processings.

Thermodynamic approach (Vasilyev & Kononenko, 2008a) allowed to formulate the principles of 

how a caryopsis forms its reactions to external impacts:

• External impact can have such level that a caryopsis does not proceed to another stationary state. 

In this case, adaptation reaction is in the stage of “training”;

• If a caryopsis proceeds to a new stationary state under external impact, efficiency of preseeding 

processing and duration of received effect depend on the value of entropy corresponding to the 

new stationary state;

• Time for which a caryopsis will stay in a new stationary state can be different - it depends on: a) 

in which way the caryopsis was driven away from its initial state (type of the external impact ap-

plied); b) value of entropy corresponding to the new stationary state.
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Informational approach (Vasilyev, 2009, 2013) allowed to formulate the main principles which must 

be complied with while developing the new ways of processing and drying of grain:

• It is necessary to define the minimum energy of external impact sensed by caryopsis;

• Impact should be cyclic. Periods of the cycles depend on the species of seeds and type of impact.

• Magnitude of external impact can be different in different cycles (increasing from one cycle to the 

next);

• To increase the efficiency of drying, it is advisable to change the type of external impact during 

the process of heat and moisture exchange.

Maximum effect in this case can be achieved with the use of electrotechnologies as their energy 

consumption is much less in comparison with heat impact.

In accordance with the abovementioned principles, variants of increasing the efficiency of grain 

drying in a dense layer were studied. On the first stage, influence of air ions on intensity of drying was 

considered.

LITERATURE REVIEW

Analysis of Theoretical Research on Influence of Electrically 
Activated Air (EAA) on the Process of Grain Drying

Option of using electrically activated air for drying was taken because the impact of such air on grain can 

be considered having low energy. Energy consumption of the process of EAA obtaining is also minimal.

Impact of EAA on drying is known. However, research on the reasons of efficiency of this impact 

does not give unambiguous answers. It is necessary to evaluate how results of this research can be useful 

for determining modes of grain processing.

Some pieces of the research can be considered. Thus, for example in (Tihen’kij, 1993) theory is 

presented about how clusters get formed. In accordance with the theory, in ionized air with presence 

of water vapor multimolecular ion complexes are formed, which present connected links of positive or 

negative ion with a shell of neutral particles (clusters). Number of such clusters is proportional to the 

concentration of aerial ions, lifetime of the cluster is in inverse ratio with the concentration. Joining water 

molecules into cluster connections leads to the change of molecular mass of water vapor and, hence, to 

the drop of partial pressure.

To describe moisture and mass exchange, following equation was derived (Tihen’kij, 1993):

q p
p

B
m m

cl

= ⋅ −











⋅β

α=

760
 (1)

where q
m

 is the current of moisture from the material, � /kg m s⋅( )2 ; β
m

 is the coefficient of moisture 

exchange related to the difference of partial pressures, kg/(m s Pa)2 ⋅ ⋅ ; p=  is the partial pressure of 

saturated water vapor, Pa; p  is the partial pressure of environmental water vapor, Pa ; B  is barometric 
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pressure, Pa; 760 mm Hg is the standard atmospheric pressure (1 mm Hg = 133,3 Pa); α
cl

 is the coef-

ficient of clustering.

Disadvantage of this model is that it considers only impact of EAA on the drying agent without tak-

ing into account the mechanisms of internal moisture transfer in a caryopsis.

In another work (Trockaja, 1998) a theory is proposed about how to intensify grain drying with EAA 

and ozone. In accordance with the theory, impact of ozone during the process of drying is represented 

as heat exuded under the affection of ozone (2):

Q Q Q Q Q
ozone P P g b
= + + +

1 2

 (2)

where Q
P1

 is the heat exuded as a consequence of ozone recombination in the drying agent, J; Q
P2

 is 

heat exuded as a consequence of ozone recombination in the surface of the material, J; Q
g
 is heat ob-

tained as a result of reaction of breathing, J; Q
b

 is energy exuded as heat resulting from secondary 

transformation in tissues of the material, J.

As a result of the research (Trockaja, 1998) equations was obtained which defines density of moisture 

current inside of caryopsis during the process of grain drying with the use of ozone-air mixture (OEM):
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where a
m
0

 is the coefficient of moisture diffusion at the temperature of 20 oC , m /s2 ; T7  is the tem-

perature of grain, oC ; c
g

 is heat capacity of grain, J kg Co/ ⋅( ) ; m
g

 is mass of grain, kg ; Q  is heat 

exuded with fission of ozone, J ; δ is coefficient of heat and moisture conductivity, oC( )
-1

; ρ
0
 is den-

sity of absolutely dry material, kg m/ 3 ; ∇U  is the gradient of moisture concentration, 

kg kgdry mat m/ . . ⋅( ) ; ∇T  is the gradient of temperature, kg C kg dry mato⋅ ⋅( )/ . . . < ; k  is the coef-

ficient depending on the type of material processed.

It is rather problematic to use equation (3) for practical calculations, as neither is known the value of 

coefficient k, nor are there functional dependencies of ∇U  and ∇T  on parameters of ozone-air mix-

ture.

Accordingly to the theory presented in (Glushhenko L.F., & Glushhenko N.A.(1987), (2003)), it is 

possible to intensify drying of materials unstable under heat impact with additional warming of the mate-

rial to the point where characteristics of water change. That is why, the following equation was presented 

to reflect internal moisture transfer within a caryopsis during drying of grain with OAM:

Q q q q j r Rb K K
v oz b oz b

⋅ + +( )= ⋅ ⋅ +( ) ⋅ +( )1  (4)

where Q  - is the heat transferred to the material from the drying agent with zero concentration of ozone, 

W h m⋅ / 2 ; K
oz

, K
b
 - are dimensionless parametric criteria defining influence of activation of internal 
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heat and mass transfer; q
v

, ,q
oz

, ,q
b

 - are, correspondingly, proportions of energy absorbed by the 

object of drying, energy transferred to the object of drying from ozone fission, energy acquired by the 

object on account of influence of ozone on characteristics of liquid phase of the object; j  - is density 

of moisture current, kg m h/ 2 ; r  - is coefficient representing heat expenses on phase transfer, W h/kg⋅ ; 

Rb - is the Rebinder number.

The above-mentioned equation as well can hardly be used for calculations, as it does not look pos-

sible to define values of K
oz

, K
b
, q
v

,  q
oz

, q
b

. Besides, research (Rudobashta & Nuriev, 2002) reveals 

that increasing temperature of material cannot be viewed as the main factor leading to intensification of 

grain drying with OAM. Impact of ozone on covering of a caryopsis increases its diffusional permeabil-

ity, which is a consequence of increase in mass conductivity coefficient.

In one of the works (Tkachev, 2000), functioning of electroosmotic moisture transfer (Borodin, Len-

skij, Fomichev & Tkachev, 2001) was viewed. In this case, external electric field (EEF) is applied to a 

grain layer which has ozone-air mixture flowing through it. Important fact for this experiment is that 

water in the grain has its molecules polarized and combined into sustainable complexes with the help 

of dipole couplings and hydrogen bonds. Such associated complexes cause drop in fluidity and growth 

in evaporation heat. If external electric field is applied, water dipoles take oriented position in the field. 

Such position corresponds to mutual repulsion of like charges on both sides of the molecules, hence 

it is unstable, which leads to decomposition of the complexes, drop in evaporation heat, and increase 

in liquid volatility. Therefore, equation is proposed (Tkachev, 2000) which describes internal moisture 

transfer in a caryopsis with consideration of electroosmosis:

q a U T P P
m m c o
= − ⋅ ⋅ ∇ + ∇( )− ⋅ ∇ +∇( )∋ρ δ λ

ρ
 (5)

where a
m

 - is coefficient of moisture diffusion, m /s2 ; ρ
c
 - is mass of absolutely dry material in unit 

volume of dry material (density of dry grain), kg ; ∇U  - is the gradient of moisture content, 

kg/(kg dry mat. )⋅ < ; δ  - is coefficient of heat and moisture conductivity of the material, oC( )
−1

; ∇T  

- is temperature gradient, oC m/ ; λ
ρ

 is coefficient of molar transfer of vapor, m/h ; ∇P  - is pressure 

gradient, kg/m2 ; ∇
∋
P
o

 - is the gradient of electroosmotic pressure, kg/m2 .

In the equation (5) to commonly used gradients of temperature and moisture content, a term is added. 

This term is to consider the influence of EEF on internal moisture transfer of a caryopsis by means of 

pressure created by the EEF. However, it is rather difficult to find out what this pressure is and how it 

is connected with parameters of ozone-air mixture and gradients of moisture content and temperature.

Presented brief analysis allows to state that considered theoretical models of moisture transfer in 

grain affected by OAM cannot be used for practical calculations.

Usage of OAM for grain drying implies that air ions are present in the air, though there is no reason 

to believe that OAM impacts grain in the same manner as EAA. There was no research conducted in 

this direction. Investigated methods (Borodin, Lenskij, Fomichev & Tkachev, 2001; Krejmeris, Trjukas 

& Trjukene, 1991) of grain drying considered only usage of OAM with cyclic change of flow. Cyclic 

supply of air ions into dried grain material has not been investigated before.

The above mentioned allows to state that application of ozone, OAM and air ions for drying of ag-

ricultural materials provides efficient shortening of grain drying and unit cost reduction. Nevertheless, 
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design of setups utilizing the principles is obstructed by lack of mathematical description of functional 

dependencies between parameters of EAA and characteristics of moisture transfer in grain layer. There-

fore, usage of this technology in production is limited. Processes of grain drying with cyclic use of air 

ions are not investigated as well, which can be a promising direction as from the point of view energy 

costs as with regards to the speed of the process.

In order to eliminate mentioned gaps, method of grain drying was developed and corresponding 

experimental research was conducted.

INCREASING EFFICIENCY OF GRAIN DRYING ON ACCOUNT 
OF USING ELECTRICALLY ACTIVATED AIR

Description of Grain Drying Method

Developed method of grain drying is applied to a stationary dense layer with the use of air warmed up 

by some degrees (active ventilation) and with cyclic supply of negative air ions of constant concentra-

tion. Period of applying drying agent containing air ions is 5 minutes, period of blowing through grain 

layer with heat carrier bereft of air ions is also 5 minutes.

With this method of drying, when EAA is supplied, air ions get accumulated on surfaces of grains 

and form local electric fields. Therefore, emerges potential difference between the surface and inner 

tissues of grains, which contributes to loosening of connection between dry matter and internal strongly 

connected moisture and extraction of the moisture to the surface of grains.

If grain layer is dried with constant supply of air containing air ions, emerging potential difference 

drives the system “caryopsis” out of equilibrium (Borodin, Lenskij, Fomichev & Tkachev, 2001). When 

internal energy of “caryopsis” is over, so that it cannot resist external impact any longer, “caryopsis” 

starts to adapt to the external impact (stage of excitation) and internal moisture gets exuded to the surface 

more intensively.

For driving the “caryopsis” system out of the steady state of equilibrium reached by the “caryopsis” 

during drying with EAA, external impact is changed - from blowing through the grain layer with EAA 

to blowing through the grain layer with heat carrier bereft of air ions. Thus, the drying agent will de-

crease the number of accumulated space charge on the surfaces of “caryopses”, which will additionally 

increase mobility of ions and moisture molecules. Equilibrium of the “caryopsis” system is shifted one 

more time and as a result of adaptation of the “caryopsis” to the new external impact, strongly connected 

internal moisture gets exuded to the surface. External impacts should be interchanged until the grain 

layer reaches conditioned moisture content.

To test efficiency of the developed method, experimental research was conducted.

Experimental Research of Grain Drying With 
the Use of Electrically Activated Air

Goals of the experimental research:

• Determine influence of EAA on change of the temperature gradient which emerges in a caryopsis 

during the process of grain drying with active ventilation.
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• Obtain experimental dependencies of temperature changes in the center and on the surface of 

caryopses, in intergranular space during the process of grain drying with the use of EAA.

• To receive experimental proof for the idea that it is possible to use reactions of a caryopsis as a 

biological object to intensify the process of drying.

• On the basis of the experimental data, to obtain regression models relating grain moisture content 

with duration of drying and air parameters with different modes of drying.

Results of Experimental Research on the Influence of 
EAA on Measurements of Thermocouples

For the experiment, a goal was set to define to what extent measurements of thermocouples are influenced 

by presence of air ions in drying agent. Results of the experiments are presented as plots in the figure 

1 - they show changes of measurements of the thermocouples placed inside of the drying chamber and 

outside of it.

1 – in drying chamber with EAA, 2 – in drying chamber without EAA, 3 – outside of the drying 

chamber with EAA, 4 – outside of the drying chamber without EAA

Air temperature was fluctuating between 19-20 oC . In figure 1, data correspond to conducted mea-

surements. Difference between the measurements of the thermocouples varies from - 0.0189 oC  to 0.1397
o
C  inside of the drying chamber, and from - 0.0853 oC  to 0.1359 oC  outside of the drying chamber.

Thus, analysis of the experimental data has shown that presence of air ions in drying agent leads to 

the change in measurements of thermocouples, but this change is in the range of 1-1.5%. Therefore, it 

is possible to assume that thermocouples provide required accuracy of measurements when monitoring 

temperature of grain and drying agent in conditions of saturation of air with ions.

Results of Experimental Research on Changes of Temperature in the Center 
and on the Surface of Caryopses With Different Modes of Grain Drying

In the experiment, data on the change of temperature of grain and drying agent were obtained. Graphs 

depicting changes of temperature of grain, intergranular space, and drying agent (figures 2-4) allow to 

make conclusions about some features in the dynamics of grain heating.

Figure 1. Graphs of measurements of thermocouples with temperature of the drying agent T Co= 20 ,  

speed of the drying agent V m s= 0 6. /
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Lines in the figure 2 fully correspond to so-called “classical” process of drying. In the beginning of 

the process, temperature on the surface of grain is higher than temperature inside of a caryopsis. During 

the process of drying, the difference of the temperatures decreases, and in the end temperature level off.

When electrically activated air is used, (figures 3) view of temperature distribution in the center and 

on the surface of a caryopsis somewhat changes.

It can be seen, that virtually during the whole process of drying temperature inside of a caryopsis 

coincides with the temperature on its surface. It is possible to assume that usage of electrically activated 

air has greater impact on measurements of thermocouples inside of a caryopsis, that is why obtained 

measurements and distribution of temperatures cannot be considered precise.

Analysis of the graphs does not allow to make conclusions about the influence of electrically activated 

air on speed of grain heating or on distribution of heat fields inside of a caryopsis, that is why factorial 

experiment on grain drying with different modes was conducted.

Figure 2. Graphs of temperature changes in a grain layerwith the classical method of drying

Figure 3. Graphs of temperature changes in a grain layer during the process of drying with EAA with 

constant concentration of air ions
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Planning the Experiment on Grain Drying With EAA

One of the goals of the research is to describe processes occurring in a grain layer during the process of its 

drying with EAA. As drying is performed on a dense layer, zone of drying moves within the layer when 

grain regions get dry closer to the place of entrance of the drying agent. Drying process consecutively 

proceeds from one layer “embraced” with the drying zone, to the other. Regularities of the process of 

grain drying stay the same in all consecutively dried layers. Thus, there is no sense in conducting ex-

perimental research on thick grain layers, which are usually processed in traditional drying setups. It is 

enough to determine regularities of grain drying on a thin layer. Layer with thickness of 1 cm was taken 

as a standard thin layer, as such size is convenient to use for generalization of regularities to thicker layers 

and for modelling of drying in a thick layer. However, it is necessary to consider that during the experi-

ment it is necessary to take samples of grain for operative control of its moisture content, so volume of 

grain should be sufficient to ensure reliability of such monitoring. Therefore, considering construction 

of the experimental setup, thickness of investigated grain layer was taken equal to 8 cm.

As independent factors significant for conducted experimental research, the following was taken 

(table 1).

One of the tasks of the experimental research is to obtain graphs of drying W f= ( )τ  for three 

modes:

• Classical drying, when grain layer is blown through with atmospheric or heated air;

• Grain drying with electrically activated air when drying agent is saturated with negative ions, and 

their concentration is not changed during the whole process of drying;

• Grain drying with cyclic change of concentrations of air ions in the drying agent. In this case, 

drying agent is saturated with air ions not constantly but periodically at regular time intervals. 

Therefore, for five minutes grain is dried with air without air ions, then for five minutes - with air 

ions, then again without air ions and so on. The process is continued until the grain layer is fully 

dry.

Table 1. Independent significant factors of the experimental research and levels of their variation

Factors
Levels of variation

-1 0 1

Duration of drying, τ , h.
1 1.5 2

2 4 6

Grain moisture content, W
n

, % 16 20 24

Temperature of the drying agent, T
a

, oC 20 27 34

Speed of the drying agent, V
a

, м/с 0.6 0.8 1
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Concentration of air ions in the drying agent was provided with the help of ion source on the level 

of 3,5 ⋅ 1010m-3. Such level of concentration was set for increasing the lifetime of cluster connections in 

accordance with maximum permissible concentration of air ions.

To conduct air drying with the use of air saturated with air ions, field of coronary discharge of nega-

tive polarity was used. Efficiency of applying negative air ions for drying of agricultural materials has 

been proven by many studies (Borodin & Tkachev, 1999; Ksenz, 2008; Golubkovich & Chizhikov, 2005).

To conduct the experimental research, laboratory setup was used, which comprised following ele-

ments: shaft where grain is placed, electroactivator, air duct, heater; centrifugal fan.

Air duct of rectangular section is made of plywood. To eliminate the possibility of direct bombard-

ment of the lower grain layers with air ions, the air duct has a turn of 90 ° . Inside of the air duct, elec-

troactivator was placed (Pavlyk & Tihen’kij, 1993). To produce negative ions, tip electrodes were used 

with included angle of 10 ° , length of 40 mm, diameter of 2 mm, which were placed on the sides of 

equilateral triangle with distance 50 mm. Size of discharge gap was 10 mm.

In order to obtain regression model allowing for full evaluation of efficiency of EAA usage for in-

tensification of active aeration grain drying, it is necessary to conduct multifactorial experiment. Plan 

of Box-Вehnken was taken as the basic one for the experiment.

Results of Experimental Research on Grain Drying 
With the Use of Electrically Activated Air

Curves of grain drying with different modes.

In accordance with the plan of the experiment, during the process of drying samples of grain were 

taken to determine their moisture content. As a result, graphs of drying were obtained, some of which 

are presented in the figures 4-9.

Comparing graphs of drying obtained with the speed of the drying agent equal to 0.6 m/s and equal 

to 1.0 m/s it is possible to note that the change in the speed of the drying agent affects the rate of grain 

drying and ratios of moisture removal speed for different modes. Thus, for the speed of the drying agent 

equal to 0,6 m/s time of grain drying to 14% of moisture content is 1.2 hours, with cyclic mode of air 

Figure 4. Graphs of drying for initial data W
n

=16%, V m s
a
= 0 6. / , T C

a

o= 20�  with three modes of 

drying



266

Increasing Efficiency of Grain Drying With the Use of Electroactivated Air and Heater Control
 

ions supply. With constant supply of air ions, time of drying is 2 hours, and with classical drying the 

time is 1.75 hours. Therefore, time of drying with cyclic supply is 31.4% less than with classical drying.

These results allow to say that when drying grain layer with atmospheric air, as it happens when 

drying with active ventilation, increase in the speed of the drying agent from 0.6 m/s to 1.0 m/s gives 

an effect. This effect is equivalent to the one which is obtained when drying grain with the agent with 

speed of 0.6 m/s, but with the use of cyclic mode of air ions supply. Considering that energy costs of 

increasing the speed of the drying agent are higher than in the mode of cyclic supply of air ions, namely 

the mode with cyclic supply of air ions can be recommended for active ventilation of grain with moisture 

content of up to 16%.

When increasing temperature of the drying agent to 34% (figure 6) it is also possible to note more 

substantial effect of air speed in the grain layer on moisture removal speed. Thus with air speed of 0.6 

m/s, maximum rate of drying is observed with constant supply of air ions. In this mode, grain was dried 

from 16% to 14% in 0.32 hours, with cyclic supply - in 0.45 hours, in classical mode - in 0.75 hours.

Increasing air speed to 1.0 m/s decreased time of drying with classical mode to 0.62 hours, and with 

constant supply of air ions the time increased to 0.6 hours.

In the mode of cyclic supply of air ions, time of drying to 14% stayed equal to 0.45 hours, which is 

25% lower than the time with classical mode.

These results allow to say that for low-temperature drying of grain with temperature of up to 16% it 

is more efficient to use mode with electrically activated air, but which exactly mode to prefer depends 

on the speed of the drying agent.

In accordance with the plan of the experiment, graphs of drying were also obtained for processing 

of grain with initial moisture content of 24% when it undergoes active ventilation with atmospheric air. 

Graphs of drying for air speed of 0.6 m/s are shown in the figure 6.

From the graphs it is possible to see that the minimum time of drying is achieved with cyclic supply 

of air ions. However, when moisture content is above 17%, speed of moisture removal is higher with 

classical mode of drying. Then it drops to the speed of drying with constant concentration of air ions. 

Experiments conducted with increasing the speed of the drying agent to 1 m/s have shown that higher 

speed of moisture removal with moisture content of up to 16% was observed in the mode of constant 

supply of air ions. Below 16%, speed of drying became higher with cyclic supply of air ions.

Figure 5. Graphs of drying for the initial conditions W
n

=16%, V m s
a
= 0 6. / ,  T C

a

o= 34�  with three 

modes of drying



267

Increasing Efficiency of Grain Drying With the Use of Electroactivated Air and Heater Control
 

Described results allow to state that when drying grain of 14-24% moisture content with active 

ventilation, mode of drying should be selected with regards to current humidity of grain and speed of 

the drying agent.

With low-temperature grain drying, when atmospheric air was heated to 34 oC , graphs of drying have 

shown more univocal results (figures 7, 8).

Thus, with air speeds of 0.6 m/s and 1 m/s maximum speed of moisture removal is observed in the 

mode of cyclic supply of air ions. That is why, it is logical to assume that when drying grain with mois-

ture content of 16-24% with heated air, it is reasonable to use the mode of cyclic supply to increase the 

speed of moisture removal.

On the basis of the aforementioned, a conclusion can be made that usage of electrically activated air 

during drying allows to decrease time of drying to 30%. To provide the minimum time of grain drying at 

any moisture content, it is necessary to control the process by changing the parameters of the drying agent.

Analysis of the graphs of drying gives a way to determine, which mode of drying is reasonable to be 

used for definite initial data of the process. However, for controlling the process it is essential to have 

mathematical dependences which describe mutual relations between investigated factors. On the basis of 

Figure 6. Graphs of drying for the initial conditions W
n

=24%, V m s
a
= 0 6. / , T C

a

o= 20�  for three 

modes of drying

Figure 7. Graphs of drying for the initial conditions W
n

=24%, V m s
a
= 0 6. / , T Co= 34�  with three 

modes of drying
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the given dependencies, algorithms of control will be designed. Taking into account these considerations, 

regression analysis was conducted on the experimental data obtained during the research.

Obtaining Regression Dependencies

During the multifactor experiment, results were entered into the table. Part of the data is given in the 

table 2.

As response functions for every of the modes, values of grain moisture content and duration of drying 

were taken. For obtaining regression models, standard MATLAB function regstats was used.

Table 2. Results of the experimental research on the influence of air parameters and presence of air ions 

on the value of grain moisture content during grain drying

Nº

ττ ,

hours W
n, % T

a
, 0С V

a
, m/s W , %

without 

air ions
constant air ions cyclic air ions

1 1 16 27 0.8 14.15 13.53 13.25

2 1 24 27 0.8 20.1 19.93 19.1

3 2 16 27 0.8 12.74 12.78 12.3

4 2 24 27 0.8 17.15 16.85 15.95

5 1.5 20 20 0.6 17.28 17 16.55

6 1.5 20 20 1 16.4 16.1 16.3

7 1.5 20 34 0.6 15.2 15.05 14.55

8 1.5 20 34 1 14,4 14,15 12,65

… … … … … … … …

40 4 20 27 0.8 12.6 13.12 12.44

Figure 8. Graphs of drying for initial conditions W
n

=24%, V m s
a
= 1 0. / ,  T

a
=34 oC  with three modes 

of drying
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As a result of processing of experimental data from the multifactor experiment, equation for classical 

grain drying was obtained. After elimination of insignificant coefficient from the model, equation of 

regression got the following view:

W W T W

T V

n a n

a a

= − + + +7 086 1 120 1 503 0 339 0 157

0 026 0 268

, , , , – ,

– , – ,

τ τ

τ τ –– , ,0 023 0 283
2

WT
n a
+ τ

 (6)

Tabulated value of Student criterion for the number of degrees of freedom f=32, is equal to tm = 2.04. 

Calculated values of Student criterion for regression coefficient are respectively equal to tp = (-5.8139, 

5.5985, 23.573, 8.126, -16.034, -6.9234, -6.331, -10.486, 20.022). As for all regressions coefficients it 

is true that tp>tm, all of them are taken as significant.

As a result of processing of experimental data from the multifactor experiment with constant con-

centration of air ions, regression equation was obtained. After elimination of insignificant coefficients 

from the model, equation got the following view:

W W W T

V WV

q n n a

a n a

= +

+ +

2 845 1 117 0 222 0 0443

0 373 0 154 0

, , – , – ,

, – , ,

τ τ τ

τ 2265 0 001
2 2τ – , T

a

 (7)

Adequacy of the model was confirmed in accordance with F-test.

As a result of processing of experimental data from the multifactor experiment with cyclic supply 

of air ions, regression equation was obtained. After elimination of insignificant coefficients from the 

model, equation got the following view:

W W T W

T

q n a n

a

A = − + + +

+

3 845 2 003 1 277 0 245 0 197

0 032 0 348

, , , , – ,

– , ,

τ τ

τ τVV WT TV
a n a a a
– , – , ,0 014 0 121 0 268

2
+ τ

 (8)

Adequacy of the model was also confirmed in accordance with F-test.

Analysis of the equations (6) - (8) shows that the change in the mode of drying has a significant 

impact on values of parameters of the drying agent and on their combination. When in equation (6) 

important combination of factors WT
n a

 is present, in equation (7) there is significant combination of 

WV
n a

 and T
a

2 . Further in equation (8) there are two important combinations of factors WT
n a

 and TV
a a

. 

These features should be considered when controlling the process of grain drying. It is necessary to 

control functioning of heater in active ventilation shaft in such way that temperature of heat carrier and 

supply of air would provide required or minimum duration of drying. With the use of the derived de-

pendencies, algorithm for controlling the process of grain drying can be developed.
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INCREASING THE EFFICIENCY OF GRAIN DRYING ON 
ACCOUNT OF CONTROL OF ELECTRIC HEATER

The input parameters of the process of grain drying during aeration are humidity, grain temperature and 

atmospheric air parameters. The change in atmospheric air parameters can be described using probabi-

listic characteristics. The change in the temperature and humidity of the grain cannot also be described 

analytically. Therefore, it is advisable to use interval methods and methods of fuzzy logic (Vasant P. 

(2014), Ganesan T., Elamvazuthi I. and Vasant P. (2016)) for constructing grain drying control systems 

with active ventilation. Using these methods will allow developing the best algorithms for process 

control. However, at this stage of the study, we need to establish how much the change in air and grain 

parameters affects the energy efficiency of the process. To this end, we will analyze the equations for 

calculating the drying ratio.

Analysis of Equations for Drying Coefficient

In equations (6) - (8) such parameters of drying agent can be found as the temperature T
a

 and speed V
a

. 

Controlling these parameters, it is possible to control speed and energy consumption of the whole pro-

cess. Research has shown (Vasilyev, 2007, 2008a) that increasing productivity of fan of heater setup 

when relative humidity of atmospheric air F0 < 65%  leads not only to increase in the rate of drying but 

also to decrease in total energy costs. It happens because reduction of relative humidity of atmospheric 

air coincides with growth of its temperature, which combines with the heightened speed of the drying 

agent and leads to significant increase in the rate of moisture removal. Therefore, usage of energetic 

potential of atmospheric air allows to solve simultaneously two task: cutting energy costs of drying 

process in shafts of active aeration and increasing productivity of the setups. To implement this method, 

it is necessary to advance control of the process.

In some works (Aniskin, 1972; Zelenko, 1988), it is conventional to use the following equation for 

speed of grain drying:

∂

∂
= − −( )W
K W W

pτ
 (9)

where W
e
 is equilibrium grain moisture content, %; K is coefficient of drying, 1/h.

To determine the coefficient of drying, in (Lykov A.V. (1968)) it was offered to use the following 

dependency:

K

W W W W
p p

=
−( )− −( )





−

2 3
1 2

2 1

. lg lg

τ τ
 (10)

where W
1
, W

2
 are values of grain moisture content for the moments τ

1
, τ

2
 respectively.
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To find the value of equilibrium moisture content W
p

 values of temperature and humidity and of the 

drying agent are used. In the research (Okun, 1967; Okun, Vercman, & Esakov, 1984) it was reasoned 

that the following equation can be used to compute the coefficient of drying:

K e
T
a= ⋅ −

7 1 10 2
0 05

,
,

 (11)

Dependency of the drying coefficient on temperature was also used in (All-Russian Institute of Ag-

riculture Electrification [VIESH], 1977):

K
T T
a a= −5 55
100

0 796
100

2, ( ) , � . 

It is worth noting that mentioned research (Lykov, 1968; Okun, 1967; Okun, Vercman & Esakov, 

1984; VIESH, 1977) was conducted for high-temperature grain drying when temperature of heat car-

rier was approaching 100 oC  and higher. In such case, temperature of the drying agent has a greater 

impact on speed of the process. Therefore, speed of the drying agent is not considered in the given de-

pendencies. When applying the method of active aeration, atmospheric air is used, so its parameters can 

be different even during the same day. That is why, there is sense in experimental tests to check influence 

of the speed of air supplied to a grain layer on efficiency of drying.

Experimental Research on Influence of Control of Air 
Parameters on Efficiency of Grain Drying

Goals of the experiment are:

• Determine the influence of parameters of grain and drying agent on drying coefficient for active 

aeration;

• Obtain experimental dependencies of how the drying coefficient changes with regard to the pa-

rameters of grain and drying agent;

• Obtain regression model of dependence between the coefficient of drying and parameters of grain 

and drying agent;

• Determine parameters of the drying agent which should be controlled in order to increase effi-

ciency of the process of drying with active aeration.

Selecting Independent Factors for the Experiment

It is known that rate and energy consumption of grain drying depend on grain moisture content W, its 

culture, granulometric composition, relative air moisture content F
a

, its temperature T
a

, speed V
a

.

Relative humidity of air changes with its temperature. It is known that increasing air temperature 

by 1оС leads to decrease in its relative humidity 5%. That is why relative humidity of air cannot be an 

independent factor.
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Granulometric grain composition can significantly influence distribution of air in grain layer. However, 

in actual setups of active ventilation it is usual to process grain which did not undergo sorting, hence 

granulometric composition cannot also be used as an independent factor.

Culture of seeds determines size and shape which influence the speed of drying. That is why the 

experimental research is conducted for one definite grain culture - wheat.

Hereby, basic independent factors of experimental research were determined:

• Culture: wheat;

• Grain parameters: moisture content, W %;

• Drying agent parameters: temperature, T
a

,оС, speed V
a

, m/s.

It is also necessary to define ranges of change of the independent factors.

Grain moisture content, W. Pattern of usage of active ventilation setups depends on the climatic area, 

where the process of grain ventilation is conducted. Thus, in central Russia shafts of active aeration are 

utilized for midterm storage of grain before conducting drying in grain dryers. In this case, moisture 

content of grain put to a bunker can be higher than 25%. That is why moisture content W=26% can be 

taken as the maximum one.

Temperature of the drying agent, V
a

 depends on the temperature of atmospheric air during the pro-

cess of active ventilation of grain. This parameter also significantly depends on climatic zone. Besides, 

temperature of atmospheric air changes during the day. Forced increasing of temperature of the drying 

agent occurs when humidity of the atmospheric air is above 65%. In this case, electric heater gets turned 

on, and air temperature can be increased by 7оС more. Considering what was mentioned above, range 

of temperatures for the drying agent was taken equal to 17-36оС.

Speed of the drying agent V
a

. In shafts of active ventilation with central air distribution, speed of air 

in the layer can vary in the range from 0.7-0.8 m/s on the entry to the grain layer next to the central the 

air duct and to 0.1-0.2 m/s on the output from the grain layer, which are typical values for the average 

air consumption of 11000 m3/h. Herewith, power of the fan engine is 5.5kW for 1000rev/min. Productiv-

ity of the fans C4-70 Nº 6.3, which are installed on the shafts of active aeration BV-25, can be con-

ducted on the account of frequency control. Characteristics of the fan (Kalinushkin, 1987) imply, that 

increasing its productivity by heightening the rotation speed of the motor shaft up to 1500rev/min will 

allow to obtain air consumption of 16500 m3/h with pressure of 650 Pa.

These values of pressure and air consumption allow to increase speed of the drying agent by 50%. 

Average speed of the drying agent in different sections of the shaft of active ventilation in this case will 

be: V
1av

 = 0.71m/s; V
2av

 = 0.39 m/s, V
3av

 = 0.29 m/s with speed of the drying agent on the entry to the 

grain layer being V
in
 = 1.0-1.2 m/s. Considering what was mentioned above, range of speed of the drying 

agent, as of independent factor, was taken equal to 0.2-1.2 m/s.

As a result of defining independent factors and their ranges of variation, it is possible to conclude 

that experimental research should be conducted with the following conditions:

• Grain moisture content W=18-26%;

• Temperature of the drying agent T
a

=17-36 оС;

• Speed of the drying agent V
a

=0.2-1.2 m/s.
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In the end, equation of regression must be obtained in the form K f W T V
a a

= ( ), , .

Equipment Used for Conducting the Experimental Research

To conduct the experimental research, setup was developed structure scheme of which is presented in 

the figure 9.

With the help of the frequency converter, required supply for the fan is configured which leads to the 

speed of the drying agent in the experimental setup within the range 0.2-1.2 m/s.

Electric heater is assembled of tubular heating elements. Control of temperature of the drying agent 

is performed by changing the magnitude of supplying voltage of the heating elements and by changing 

the number of connected heating elements with the help of relays. Temperatures of the drying agent and 

grain layer were monitored with the help of thermocouples connected to the analog signal input module 

OWEN. Output signal of the module was given to the input of interface converter and after that was 

transmitted to a PC with the help of USB interface.

SCADA-system installed on the PC allowed to configure characteristics and frequency of data ac-

quisition from the temperature sensors. Data gathered from the thermocouples were written into a file 

and further processed with the help of different applied software.

Speed of the drying agent was monitored with the help of thermal anemometer AV9201. To measure 

grain moisture content, moisture meter Fauna-M was used.

Method of Conducting the Experiment

During the experiment, it was necessary to obtain graphs of grain drying for different moisture content 

W, different temperatures of the drying agent and speeds of the drying agent V
a

.

For the experiment, grain of winter wheat with initial moisture content of 12% was taken. It was soaked 

to obtain moisture content of 22% and 26%. For this purpose, water was added to the grain, volume of 

water was calculated according to the equation:

Figure 9. Structural scheme of the experimental setup
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L
W L

W
L

wt

dr

dr init
=

⋅

−
−

100
.

 

where: L
wt

 is the mass of water in grams which should be added to the portion of grain in order to obtain 

grain of required moisture content; L
wt init. .

 is the mass of water in grams which was present in the grain 

before soaking; L
dr

 is the mass of dry grain; W is relative moisture content of grain in % which is 

needed to be obtained.

Grain which was prepared for drying was then put into the compartments. Control system for the 

temperature of grain and temperature of the drying agent was enabled after that. After 10-30 seconds, 

when measurements of the sensors were becoming stable, voltage was supplied to the electric drive of 

the fan. 30 seconds after the fan was launched, speed of the drying agent began to be monitored on the 

exit of the grain layer. If it was necessary, correction was introduced into productivity of the fan with 

the help of the frequency regulator. To conduct measurements on grain moisture content, ventilation 

was stopped, and moisture content was measured for every compartment of ventilation with the help 

of moisture meter. Measurements on moisture content were conducted three times for grain from each 

compartment. The average moisture content of the grain was recorded in the table.

After measuring moisture content of the grain, it was put back to the corresponding compartments 

and the process of drying was continued. Drying was conducted until conditioning humidity of 14% 

was reached.

Processing and Analysis of Experimental Data

As a result of conducted experimental research on recording the graphs of drying, numerical values of 

grain moisture content during different periods of drying were obtained.

In order to derive the regression model K f T V W
a a

= ( ), , , experimental data was used, part of which 

is presented in the table 3.

To get regression mathematical model, typical MATLAB function regstats was used (D’jakonov, 2004). 

Table 3. Experimental data for performing regression analysis

Nº W, % V, m/s Т, оС K, 1/h

1 15,5 0,1 23 1,06

2 14,5 0,1 23 0,94

3 15,5 0,5 23 1,1

4 14,4 0,5 23 1,12

5 15,5 0,9 23 1,2

6 14,3 0,9 23 1,24

7 18 0,2 23 0,72

… … … … …

56 20 0,6 17 0,07

57 20 1 17 0,11
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As a result of processing data from the multifactorial experiment and removing non-significant coef-

ficients, following equation was obtained:

K T W TV

TW VW

a a a

a a

= − − +

+ + −

7 4897 0 1022 0 6438 0 0134

0 0148 0 0029 0

, , , ,

, , ,, ,0026 0 0071
2 2
T W
a
+

 (12)

Sufficiency of the model was checked in accordance with Fisher’s criterion. The equation of regres-

sion adequately fits obtained experimental data. 

To conduct visual estimation of the obtained dependency, response surfaces of the form K f W T
a

= ( ),  

were built for V
a

= 0.8 m/s (figure 10) and of the form K f V T
a a

= ( ),  - for  W  = 16 и 26% (figure 11).

From the figures 10 and 11 it is possible to see that there exists substantial dependency of the drying 

coefficient on temperature and moisture content of grain, which can be used to control the process of 

active ventilation. From the figures it is possible to see that for every moisture content of grain there 

exist such minimal temperature which causes growth of the drying coefficient. What is more, the higher 

moisture content is, the lower the temperature is.

In the equation (12), speed of the drying agent V
a

 is not present in its pure form. Speed of the drying 

agent has impact in combination with temperature of the drying agent T
a

 and grain moisture content 

W. To make it possible to evaluate joint impact of these factors in a more visual way, equipotential sur-

faces of the drying coefficient were built (figure 12) for changing parameters V
a

, T
a

, W. The surfaces 

were obtained for the change in the speed of the drying agent from 0.1 to 1.2 m/s. Change step for the 

drying coefficient was taken equal to 0.5 1/h in the interval from 0.5 to 3 1/h.

It is seen from the figure that grain moisture content W and temperature of the drying agent T
a

 have 

decisive influence on the magnitude of the drying coefficient. The graphs of equipotential surfaces 

should be viewed as limiting or boundary ones. Thus, those of them which were built for maximum 

speed of the drying agent show utmost (minimum) values of the drying agent temperature which provide 

the value of the drying coefficient in the range limited by the graphs with current grain moisture content. 

Graphs of equipotential surfaces for the minimum speed of the drying agent show minimum air tem-

perature which provides given values of the drying coefficient with given grain moisture content.

It is necessary to consider, however, that in equation (10) of Lykov for calculation of the drying co-

efficient and in equation (9) for calculation of the rate of drying there is such parameter as equilibrium 

humidity W
p
. Heating of the drying agent leads to decrease in its equilibrium humidity.

In the experimental research, when getting the data for building the equation of regression, param-

eter of equilibrium humidity was not considered, as it was taken not as an independent factor, but as a 

function of temperature of the drying agent. Nevertheless, its influence on the rate of drying should be 

taken into account, rate of drying should be linked not only to the drying coefficient.

Checking Regression Model of the Drying Coefficient

To test obtained regression equation, experimental data on the process of drying in a dense layer of grain 

were compared to the results of numerical modeling.
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Figure 10. Surface K=f(W T
a

, ), for V =0.8 m/s

Figure 11. Surface K=f(T V
a a
, ), for W  = 16% and 26%
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To compute the process of drying with active ventilation, the next mathematical model was used 

(Vasilyev & Severinov, 2015):

∂

∂
+

∂

∂
= − ⋅

∂

∂
−

⋅
⋅
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∂

′T
V
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a g g
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Figure 12. Equipotential surfaces of the drying coefficient with changing parameters V
a

, T
a

, W. Top 

view
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where D - is humidity of the drying agent, g/kg; W - is current grain moisture content, %; θ  - is grain 

temperature, °С; c
a

, c
g

 - is heat capacity of air and grain respectively, kJ/kg·°С; ε  - is porosity of the 

grain layer; s
v
 - is unit surface of grains, 1/m; ′r  - is latent heat of water vaporization, kJ/kg; α

q
- is the 

coefficient of heat irradiation, kcal/kg h·°C; γ
g
 - is the bulk weight of grain, kg/m3; γ

a
 - is the bulk 

weight of air, kg/m3; х - is spatial coordinate, m.

In this system, equation (11) was replaced with the regression dependency (12). On the basis of this 

system of equations, MATLAB computer model was developed (Vasilyev A.N., Severinov O.V., & 

Makarova Ju.M. (2016)). The model allows to set initial parameters of grain layer and atmospheric air. 

There also exists possibility to simulate the change of parameters of atmospheric air during the process 

of computation.

For the testing, the process of grain drying by active aeration with constant input parameters of the 

drying agent was modelled. As a result of the tests, graphs of drying were built.

Tests on precision of used model were conducted on experimental setup, imitating shaft of active 

aeration.

Conducted comparative analysis of the graphs of drying has shown that the maximum relative error 

of modeling of the process constitutes 6.2%. This allows to state that obtained regression model of de-

pendencies of the drying coefficient adequately reflects the process of and can be used for calculations 

and modelling.

CONCLUSION

• Conducted experimental research with the use of electrically activated air, approve the possibility 

of utilizing the reaction of a caryopsis, as a biological object, to intensify the process of drying. 

Cyclic low-energy impact (EAA) in its influence on the process of drying can be more effective 

than constant use of EAA.

• Regression models, resulting from the experimental research, can be used to control the process 

of grain drying. With the use of EAA by controlling productivity of the electric heater, this will 
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allow to set such values of temperature and speed of the drying agent that will provide minimiza-

tion of the time of drying.

• Conducted experimental research allowed to obtain regression model which confirms influence of 

speed of the drying agent on the drying coefficient. Degree of this influence significantly depends 

on grain moisture content and air temperature.

• It is possible not only to increase productivity of drying setup, but also to decrease energy costs 

of drying process by controlling functioning of electric heater in shaft of active ventilation (by 

changing fan productivity and power of heating elements). It is possible to do so if to use daily 

oscillations of parameters of the drying agent.

FUTURE RESEARCH DIRECTIONS

Drying of a thick layer of grain passes unevenly. The grain next to the air channel begins to dry out be-

fore. Then the next layers of grain dry out. This allows you to arrange the drying in such a way that the 

grain layers near the duct are not overdried. For this, it is necessary to develop an appropriate algorithm 

for controlling the drying process.

It is also necessary to determine the best location of the aeroin generators, their number, in order to 

ensure uniform processing of the grain layer.
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