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1. Introduction

Convective dryers are the most common for grain drying 
currently. They have a series of significant disadvantages. 

However, we can eliminate the disadvantages using micro-
wave-convective heat supply [1, 2]. We obtained convincing 
evidence of applicability of microwave technology and feasi-
bility of development of microwave dryers. There is success-
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Наведено результати експериментальних робiт з 
дослiдження сушiння щiльного шару зерна iз застосу-
ванням мiкрохвильового нагрiвання. Для оцiнки ефек-
тивностi використання енергiї мiкрохвильового поля 
вивчався ряд способiв пiдведення теплоти до зерна. 
Дослiдженi мiкрохвильовий, мiкрохвильовий пульсу-
ючий, микрохвильово-конвективний циклiчний iз про-
дувкою шару нагрiтим потоком повiтря й повiтрям 
без попереднього пiдiгрiву, одночасний микрохвильо-
во-конвективний способи сушiння.

Дослiдження кiнетики сушiння в мiкрохвильовому 
полi показало, що процес можна роздiлити на перiо-
ди прогрiву (нульовий), постiйної (перший) i падаю-
чої (другий) швидкостi сушiння. Цi перiоди характер-
нi для сушiння колоїдних капiлярно-пористих тiл при 
iнших способах пiдведення теплоти. На пiдставi уза-
гальнення експериментальних даних по дослiдженню 
сушки зерна гречки, ячменю, вiвса та пшеницi отри-
мано емпiричнi залежностi для швидкостi сушiння 
i середньої температури зерна в першому перiодi. 
Представленi кiнетичнi залежностi в безрозмiрному 
виглядi, узагальнюючi данi по дослiдженим зерновим.

Комплекснi дослiдження рiзних способiв пiдведен-
ня теплоти при сушiннi ставили метою визначен-
ня оптимального способу й рацiональних режимних 
параметрiв, що забезпечують високу iнтенсивнiсть 
процесу й необхiдну якiсть готового продукту при 
мiнiмальних енерговитратах. Для забезпечення вiро-
гiдностi зiставлення всi дослiдження проводилися в 
iдентичних умовах з однiєї й тiєю же зерновою куль-
турою (овес). Визначено, що кращим є одночасний 
микрохвильово-конвективне пiдведення енергiї, при 
цьому попереднiй пiдiгрiв повiтря не передбачається, 
завдяки чому мiнiмiзуються питомi витрати енергiї. 
Експериментальнi дослiдження сушiння iз застосуван-
ням мiкрохвильового поля дають можливiсть пiдiбра-
ти необхiднi параметри процесу: потужнiсть, темп 
нагрiвання, масу й форму завантаження. На пiдставi 
цих даних передбачається розробка технологiї сушiн-
ня зерна iз застосуванням енергiї мiкрохвильового поля

Ключовi слова: мiкрохвильове нагрiвання, микро-
хвильово-конвективний, вологовмiст, температура, 
швидкiсть сушiння, оптимальний спосiб
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ful combination of the processes of moisture removal and 
disinsection at grain drying in a microwave (MW) field [3]. 
Peculiarities of conversion of microwave energy into thermal 
energy provide the advantages of microwave drying [4]. The 
temperature at a surface of grain is higher than inside in the 
convective (as well as in the conductive) method of drying, 
while the direction of temperature and pressure gradients 
impede movement of moisture to a surface. Heating of mate-
rial in the MW field produces the opposite effect: the tem-
perature inside material becomes higher than on a surface, 
and the temperature and pressure gradients accelerate the 
drying process.

There are no sufficient studies on kinetics of drying 
grain materials for conditions of introduction of new tech-
nologies. Heat drying of grain is the most important and 
most energy-intensive technological operation, both for 
post-harvest processing and for production of cereals. The 
fact that producers dry 70–90 % of total harvested grain for 
now emphasizes the scale of the problem. As modern practice 
shows, attempts to create new equipment, in particular, for 
microwave drying, and its further use without first studying 
of the kinetics of the process does not lead to the desired re-
sult. The bases of new drying technologies are dependencies 
for calculation of the temperature and moisture content of 
grain. It is necessary to determine requirements for mode 
parameters under which it will be expedient to use one or 
another method of organization of the process.

2. Literature review and problem statement

There are a series of issues necessary to resolve to make 
microwave drying of grain technologies rational. One of the 
main issues is to ensure safety of the process and to deter-
mine an influence of a microwave field on the quality of a 
product. The results of study [5] determined that products 
after microwave heating are safe for consumers, while the 
quality of nutrients is similar to that the products obtained 
by heating by traditional methods. Author of a paper [6] 
noted that microwave heating has a series of positive char-
acteristics, such as highly efficient heating over the volume 
of material, possibility of provision of even temperature dis-
tribution and a use of “clean” energy. They analyze non-uni-
formity of heating caused by the geometry and composition 
of the product, as well as non-uniform distribution of the 
electromagnetic field in a microwave chamber. These data 
give possibility to determine conditions for uniform heating 
of material in a microwave field.

There is a danger of deterioration in the quality of 
material despite certain advantages of microwave heating 
in drying operations involving high energy efficiency. 
This can occur if, at the initial stage, to allow rapid evap-
oration of moisture and an intensive increase in tempera-
ture [7]. Therefore, producers use microwave heating in 
combination with other methods of heat supply, such as, 
for example, microwave-convective drying [8] and vacu-
um-microwave drying [9]. Work showed [8] that the use 
of tunnel microwave-convective dryers for organic raw 
materials makes it possible to achieve a high drying rate 
evenly distributed in thickness with achievement of high 
energy efficiency. Paper [9] presented the results of studies 
on vacuum-microwave and microwave-convective kinet-
ics of drying of jackfruit and rehydration characteristics. 
Authors of the work determined that microwave-vacuum 

dehydration is 133 times faster compared with convective 
treatment. Results of work [9] showed that microwave-vac-
uum dehydration is preferable to microwave-convective 
from the point of view of the quality of the final product. 
However, the method seems to be expensive for drying of 
large volumes, which is typical for grains.

Paper [10] recommended applying microwave drying at 
the final stage, which will speed up the process and reduce 
shrinkage of material. Authors of [11] noted that it is advis-
able to conduct drying in a microwave field at a moisture 
content of 20 %, which usually corresponds to the moisture 
content of grain crops at the entrance to a drying device. 
There are a series of unresolved issues related to peculiar-
ities of processes of interaction of dispersed material with 
a microwave field. It is a matter of provision of a uniform 
temperature field in material, an influence of the product 
geometry on the phenomena of overheating, a change in 
dielectric characteristics of materials during microwave 
heating. Paper [12] presented the results of the study on 
uniformity of material heating in a rectangular waveguide. 
The paper considered an influence of magnetron power, a 
type of dielectric materials, their size and location on ab-
sorption of microwaves and average temperature in dielectric 
materials in detail. The results showed that the location of 
a sample affects the heating uniformity more than other 
parameters. Thus, we can conclude that it is advisable to 
make microwave dryers spillable, which will improve uni-
form absorption of microwave energy by a grain layer. Study 
[13] confirmed that both the dielectric constants and the 
loss factor of unpurified rice and rice grains decrease as the 
temperature rises. The depth of penetration of microwaves 
in samples without salt added increased with increasing of 
temperature, whereas its value decreases in samples with salt 
additions (from 0.5 % to 3 %). Work [14] showed that the 
problem, which arose during microwave heating, is uneven 
temperature distribution in material. It is important to know 
dielectric properties to control non-uniformity of heating to 
control non-uniformity of heating, since they determine heat 
generation. A large number of factors influence dielectric 
characteristics, which makes difficult to predict the drying 
process without conduction of full-scale experiments. The 
complexity of resolution of these issues does not give possi-
bility to obtain analytical or engineering design dependen-
cies. And it is necessary to take into consideration the asso-
ciated processes of transfer of heat and moisture at drying. 
It is necessary to conduct complex experimental studies to 
determine the optimal conditions with the required process 
parameters: power, heating rate, mass, and form of loading, 
which will make it possible to switch to a new energy-effi-
cient drying technology.

3. The aim and objectives of the study

The objective of the study was to determine the optimal 
method of grain drying and reasonable operating parameters 
of the process.

We formulated the following tasks to achieve the objec-
tive:

– investigation of the kinetics of drying of grain materi-
als by microwave heating;

– a study of grain drying by microwave (pulsating and 
continuous) and microwave-convective (cyclic and simulta-
neous) energy supply;
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– comparison of the main characteristics of the drying 
processes with different ways of energy supply and determi-
nation of the best way and rational mode parameters.

4. Materials and methods of the study

We developed and manufactured the experimental plant 
to study the microwave-convective drying of a dense sta-
tionary layer of grain material. Fig. 1 shows the scheme of 
the plant. 

Fig. 1. The scheme of the plant for studying the kinetics of 
drying grain materials by microwave and convective heating: 

1 – door, 2 – magnetron, 3 – magnetron cooling fan, 
4 – experimental cell with research material, 5 – working 

chamber, 6 – electric heater, 7 – fan

The plant provides research in microwave, micro-
wave-convective and convective drying. There is an air duct 
made of radio transparent material inside the working cham-
ber. We placed a cell made in the shape of a parallelepiped 
of radio transparent mesh material in it. We poured the 
required amount of grain into the experimental cell. The di-
mensions of the cell strictly corresponded to the dimensions 
of the air duct, so there were no side overflows when the 
material was blown with air. The gate installed in front of 
the working chamber adjusted the air flow.

We used grain buckwheat, barley, oats, and wheat for the 
study. The initial moisture content of the grain was u0=20 %, 
the initial temperature t ranged from 17 to 26 °C, the mass m 
was from 0.05 to 1.2 kg, the layer thickness l was from 0.008 
to 0.07 m, the surface area of the sample opened to remove 
moisture F ‒ from 8·10-3 to 94·10-3 m2, the output power of 
the magnetron P ‒ from 80 to 800 W. Experimental studies 
of drying using a microwave field make it possible to select 
the required process parameters: power, heating rate, mass 
and form of loading. The data obtained make it possible to 
develop energy-efficient grain drying technology using mi-
crowave field energy.

We used the following research methods depending on 
the method of heat supply.

Continuous microwave supply: drying occurs due to the 
MW energy supplied to material from the magnetron only. 
We placed grain of a given mass in the experimental cell 
installed in the working chamber. We turned on the mag-
netron and took out the cell after a specified time interval. 
We measured the temperature using thermocouples and the 

grain mass. Then we filled the cell with a fresh portion of 
grain and placed in the chamber and we increased exposure 
time in the working chamber by a time step Δτ. We carried 
out studies to achieve a moisture content of grain of 6–12 %.

The periods of the microwave supply alternate with 
pauses at the pulsating mode. The duration of the magnetron 
turned on τМW and pauses τр were fixed for each series of ex-
periments. In the course of the research, we heated the grain 
in the experimental cell in a microwave field for a specified 
time interval τМW, then we kept it without energy supply for 
τp time. After this, we repeated the periods of heating and 
pause. We continued the experiment until we achieved a 
moisture content of 12–14 %.

In the cyclic mode of drying, the periods of the micro-
wave supply τМW alternate with the periods of heated and 
unheated air blow τc. The duration of a blow τc, as well as the 
temperature of the air blowing through the layer, varied with 
the transition to the next series of experiments.

The microwave heating and blowing of the layer with 
heated or unheated air occurred simultaneously at the con-
tinuous mode of microwave-convective drying.

In all experiments, after each step, we weighed the 
material and measured the layer temperature at several 
points, and then we poured a new portion of material into 
the cell with the same weight and moisture content, and 
carried out the experiment with duration longer than the 
next period (MW or blow). We carried out the experi-
ments with three repetitions, which made possible to judge 
reliability of the results.

5. Results of studying the kinetics of drying grain 
materials using microwave heating

5. 1. Kinetics of drying of grain materials in a micro-
wave field

The type of curves of moisture content and temperature 
showed (Fig. 2) that we can divide the process of microwave 
drying into periods, which are characteristic for colloidal 
capillary-porous bodies at other methods of heat supply [16]. 
These are the heating (zero), constant (first) and falling 
(second) drying rates.

Fig. 2. Change in temperature (1) and moisture content (2) of 
buckwheat grain when dried in a microwave field. 	

Р=80 W; m=0.1 kg; l=0.016 m: 0 – heating period, 	
I – period of constant drying rate, II – period of falling 

drying rate

Evaporation of moisture almost did not occur (the mois-
ture content remained almost constant) and the temperature 
increased markedly in the heating period. Then, at a certain 
temperature of the material, the moisture content began to 
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decrease, and we consider this change as a linear one. The 
nature of the temperature change in this period differed in 
dependence on the supplied power. The temperature almost 
did not change at values of specific power up to 450q =  W/kg.  
The temperature increased at an increase in the specific 
power, and its change was significant at 600q >  W/kg. We 
determined the period of the falling drying rate by the change 
in the course of the moisture content curve: the curve became 
flat. The temperature in this period always increased. The 
picture described was typical for all materials studied.

Experimental data obtained in the study on the drying 
of various grain materials showed that when the loading 
weight is less than 200 g, the drying rate depends on the type 
of grain (Fig. 3, a). Thickness of layers was different due to 
differences in density and porosity of layers of the studied 
grains. With a weight of 100 g, the thickness of the layer of 
oats was 35 mm, barley ‒ 30 mm, wheat – 23 mm, buckwheat –  
22 mm. Bulk density of oats was 530 kg/m3, barley –  
620 kg/m3, wheat – 800 kg/m3, buckwheat – 840 kg/m3. 
Thus, an increase in the layer thickness at a fixed mass of the 
samples leads to a corresponding increase in the drying rate, 
due to an increase in the heat insulating properties. With 
an increase in mass above 200 g, differences in drying rates 
decreased. With a mass of more than 300 g, the type of grain 
material did not affect the rate of drying.

We summarized the data for all the materials studied in 
the form of the dependence of the drying rate on the supplied 
heat flow (Fig. 3, b), i. e. the ratio of a useful heat flow (an 
amount of heat consumed to heat material and evaporation  
 
of moisture from it) to the sample mass ,п

m

Q
q

m
=  W/kg.

а  

b
	

Fig. 3. Dependence of the grain drying rate on variable 
parameters: a – effect of mass, b – effect of the useful heat 

flow. ■ – wheat, □ – oats, ▲ – barley, « – buckwheat. 	
The output power of the magnetron Р=180 W

( )1,1769.47 10 ,mN q−= ⋅  min-1. 			    (1)

It is convenient to use a formula that takes into consid-
eration the energy consumed from the network P, the effi-

ciency of the microwave chamber ηc and the efficiency of the 
magnetron ηm to calculate the useful heat flow

,u c mQ P= ⋅ η ⋅ η  W. 	  			   (2)

It is advisable to use the dependence obtained from the 
results of experimental studies is recommended to calculate 
the average grain temperature in the period of constant dry-
ing rate (first period):

( )0.28

1 13.22 mt q= ⋅  °C. 			    (3)

Dependences (1), (3) are valid for 200 1285mq≤ ≤  W/kg 
with an error of ±15 % and ±13 %.

Fig. 4 presents the experimental data on the integral 
moisture contents and temperatures for all materials stud-
ied in the form of generalized drying and heating kinetics 
curves. We obtained the dependences of the dimensionless 
current moisture content u/u0 and temperature t/t1 on the 
dimensionless complex 0/N uτ  we used the drying rate 
in the first period in this complex. We assigned a specif-
ic physical meaning to the complex 0/ .W uτ  This is the 
relative moisture removal over the time interval from 0 to 
τ, which would have occurred if the average drying rate 
for this period was equal to the rate in the period of con- 
stant speed.

а  

b
	

Fig. 4. Generalized drying kinetics curves: a – moisture 
content curve, b – a temperature curve, 	

▲ – buckwheat, ■ – barley, ○ – oats,  ‒ wheat

We obtained the generalized moisture content and tem-
perature curves for barley, oats, buckwheat, and wheat were 
obtained at different initial moisture contents, supplied 
capacities and material masses. We can summarize the data 
for all the studied grains in single equations with an accept-
able error. The corresponding equations, which describe 
all periods of the drying process of the studied cultures at  
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2 3

0 0 0 0

1.016 0.332 1.449 1.091 ,
u N N N
u u u u

   τ τ τ
= − − +      

 	 (4)

2 3

1 0 0 0

0.511 3.506 8.341 7.095 .
t N N N
t u u u

     τ τ τ
= + − +          

 
(5)

The dependencies (4) and (5) are valid with a standard 
error of ±9.8 % and ±11.9 %, respectively. Here, u  is the 
average moisture content of a layer at τ time τ, 0u  is the 
initial moisture content of a layer, It  is the average tem-
perature of grain in the period of constant drying rate (the 
first period).

5. 2. Studying grain drying with different ways of heat 
supply

We carried out a separate series of experiments to deter-
mine which method of energy supply and which operating 
parameters provide a high intensity of the drying process 
and the required quality of the finished product with min-
imal energy consumption. We studied microwave, micro-
wave-convective pulsating, cyclic and continuous methods 
of heat supply. The periods of the microwave supply alternate 
with pauses, during which grain cools during natural con-
vection and moisture evaporates, under the pulsating mode. 
We studied the influence of the duration of the magnetron 
on МВτ  and pauses пτ on patterns of changes in temperature 
and moisture content of material, drying rate, and specific 
energy consumption.

We investigated the effect of the pause duration on 
characteristics of the process — drying rate, layer tem-
perature, energy costs. We carried out three series of ex-
periments, which differed in the duration of the microwave 
supply: 30 s, 60 s and 90 s. In each series, the pause dura-
tion was 20, 40, 60 and 80 s. The order of the experiments 
was as follows. We poured the grain into a rectangular 
mesh cell. The period of operation of the magnetron was 
10 s (series 1), 20 s (series 2) and 30 s (series 3). Then we 
turned off the magnetron and kept the grain (oats) without 
heating. The number of inclusions of the magnetron, re-
gardless of the duration of the pause, was the same for each 
of the series. We also carried out the experiments with a 
continuous MW heat supply with duration of 30, 60 and 
90 s for a comparative evaluation of the drying efficiency. 
Table 1 shows the results. We carried out the calculation 
of energy consumption per unit mass of the removed mois-
ture according to the formula: / ,sp mq P m= ⋅τ ∆  where mτ  
is the total time of operation of the magnetron, т∆  is the 
mass of moisture removed from grain, P is the power of the 
magnetron. The initial moisture content of the grain was 
u u=0.20, the sample mass m=100 g, the layer thickness 
δ=57.5 mm, the magnetron output power Р=600 W in all 
the experiments.

With an increase in duration of pauses, the energy 
consumption per 1 kg of moisture decreases slightly, since 
the moisture decreases without energy consumption in the 
period of “rest”. It is almost independent to the pause dura-
tion: about 1.25 g is removed at 30 s, about 5 g at 60 s, about  
9.5 g at 90 s. A continuous MW supply leads to rapid heating 
of material and development of unacceptably high tempera-
tures. Moisture evaporates at pulsating MW heating during 
the pause period, and temperature decreases slightly, so it is 
possible to carry out the drying process under a mode, which 
is sparing for grain.

Table 1

The drying under the pulsating mode. τp – duration of a 
pause, τΣ – duration of an experiment, mf – final mass 
of a sample, Δm – moisture loss, qsp – specific energy 

consumption per 1 kg of evaporated moisture, uf – final 
moisture content, N – drying rate, t  – average temperature 

of a sample, τMW – duration of MW heating

τp, s τΣ, s mf, g Δm, g qsp, МJ/kg uf, kg/kg N, s-1 ,t  oС

τMW=10 s. Full time of the magnetron operation – 30 s

0 30 98.86 1.14 15.79 0.1864 0.00045 81.7

20 90 98.88 1.12 16.07 0.187 0.00014 73.3

40 150 98.77 1.23 14.63 0.185 0.0001 74

60 210 98.47 1.53 11.76 0.182 0.00009 59.3

80 270 98.53 1.47 12.24 0.182 0.00007 60.7

τMW=20 s. Full time of the magnetron operation – 60 s

0 60 94.84 5.16 6.98 0.138 0.00103 90.7

20 120 95.57 4.43 8.13 0.147 0.00044 85.3

40 180 94.82 5.18 7.00 0.138 0.00034 84

60 240 94.72 5.28 6.86 0.137 0.00026 83.7

80 300 94.76 5.24 6.86 0.137 0.00026 82

τMW=30 s. Full time of the magnetron operation – 90 s

0 90 90.01 9.99 5.41 0.080 0.0013 113

20 150 90.75 9.25 5.83 0.089 0.00074 108.3

40 210 91.13 8.87 6.09 0.094 0.0005 98

60 270 91.34 8.66 6.23 0.096 0.00039 93.7

80 330 90.81 9.19 5.88 0.090 0.0003 93

The periods of the microwave supply alternate with the 
periods of heated and unheated air blowing air under the 
cyclic mode. We studied the effect of the duration of a blow, 
as well as the temperature of air blowing through a layer, on 
a change in temperature and moisture content of material, 
drying rate and specific energy consumption. The method-
ology of the experiments was as follows. We loaded 100 g 
of grain (oats) with an initial moisture content of 0.2 kg/kg 
into the microwave plant. The duration of the MW heating 
period was the same in all the experiments and it was 10 s. 
The magnetron power was 600 W. The duration of the blow 
period was 10, 20 and 30 s. We carried out the experiments 
in two ways with the aim of selection of the one that provides 
the least error. In the first method, after each of the periods, 
we took out the sample and made necessary measurements. 
Then we poured fresh grain with the same initial moisture 
content into the cell, and the process lasted longer for the 
corresponding period.

We carried out the experiment with one sample (one 
portion) in the second method. We took it out at the end of 
each period and placed again in the working chamber after 
necessary measurements. We determined that both methods 
give almost identical results. The air temperature was 20 °C, 
the filtration rate was 1 m/s. The initial temperature of grain 
was 20 °C. Table 2 presents the results of the experiments at 
blow with unheated and heated air of τc duration. The out-
put power of the magnetron was Р=600 W, the air rate was  
1 m/s, the flow rate was 0.0118 kg/s, τMB=10 s, the number 
of cycles was 6.5.



Energy-saving technologies and equipment

83

We studied an influence of the rate and temperature of 
the air blown through a layer and the process duration on 
the final moisture content of material and the specific ener-
gy consumption at the simultaneous microwave-convective 
energy supply. Table 3 shows the results.

Table 3

Simultaneous microwave-convective drying of grain. 	
The power of the magnetron was 600 W. Air temperature 

was 19 °C, rate – 1.1 m/s

τ, s mf, g Δm, g uf, kg/kg N, s-1 ,t  oС qsp, MJ/kg

30 98.3 1.7 0.1797 0.0006 69.27 11.54

60 93.98 6.02 0.12778 0.00121 89.1 6.04

70 92.74 7.26 0.1129 0.00135 94 5.82

80 91.92 8.09 0.103 0.00121 106.5 5.95

90 90.28 9.72 0.0832 0.00130 110.55 5.57

The drying rate and the temperature of material in-
creased with an increase in the duration of the process, and 
the specific costs decreased. These values ​​change the most 
significantly with an increase in the drying duration from  
30 s to 60 s. However, there is overheating o f material at 

60τ =  s and 90τ =  oС.
Comparison of characteristics of drying at the micro-

wave and in the microwave-convective supply showed that 
an increase in the rate of blown air and its temperature 
contributed to an increase in the rate of drying. Dependence 
(6) reflects this result, which summarizes the relevant ex-
perimental data:

1,037

0,799 1 0,0003937Re ,MW C air

MW a

N t
N t

 
= +   

	  	  (6)

where MW CN  is the rate of drying at microwave-convective 
energy supply, MWN  МВN  ‒ at microwave supply, airt  is the 
temperature of the air blown through a layer of material, at  is 
the ambient temperature.

The formula is valid with an error of 5.7 % for Reynolds 
numbers up to Re 4500=  and temperatures of blown air 
within air 19...70t =  oС.

Table 4 shows the results of experimental studies ob-
tained in the study of pulsating, microwave-convective and 
convective drying under modes that provide the most favor-
able characteristics of the process. We conducted all studies 
under identical conditions for the reliability of the compar-
ison results. We carried out the studies with the same grain 
(oats) with an initial moisture content of 0.2 kg/kg, the mass 
of a portion was 100 g.

Table 4

Characteristics of the drying process at different methods of 
energy supply. N is drying rate, tf is the final temperature of 

material, qsp is the specific (per 1 kg of evaporated moisture) 
energy consumption

Type and mode of energy supply N, s-1 tf, °С qsp, MJ/kg

MW constant  
s0 ,6Στ =

 0 W60Р = 10.3·10-4 90.7 6.98

MW-pulsating 
s0 ,12Στ =

 
20,МВ пτ = τ =

 
0 W60Р =

4.4·10-4 80.3 8.13

MW-convective, cyclic  
s0 ,13Στ = 1 s0 ,MW cτ = τ =

 
о

air 2 С0 ,t =
 air /s1 mw =

3.6·10-4 80.5 9.07

MW-convective,  
simultaneous  

s0 ,6Στ =
 

о
air 1 С9 ,t =

 

air 0, s�9�m/w =

12.7·10-4 71 5.65

We obtained the following conclusions on expediency of 
selection of the drying method of drying based on the data 
from Table 3:

1. The optimal method is the simultaneous MW-convec-
tive method of energy supply. It provides achievement of the 
maximum drying rate, the minimum specific energy con-
sumption and the temperature of material does not exceed 
the acceptable one.

2. The characteristics of the mode with cyclic MW-con-
vective supply are comparable to the characteristics of the 
mode with pulsating MW-supply, but the plant is more com-
plicate due to the need to organize a blow.

3. The continuous MW supply provides the highest 
drying rate, however the final material temperature is un-
acceptable.

Thus, the most effective method is simultaneous 
MW-convective energy supply.

6. Discussion of results of studying grain drying at 
different methods of heat supply

We carried out the complex studies of the kinetics of 
drying grains (oats, buckwheat, wheat barley) with micro-
wave (continuous and pulsating), and microwave-convective 
(cyclic, simultaneous) energy supply. The variable parame-
ters were magnetron power, duration of energy supply, rate 
and temperature of a drying agent. We obtained generalized 

Table 2

Cyclic microwave-convective drying with unheated and heated air

Drying characteristics
tair=20 oС tair=50 oС

τc=10 s τc=20 s τc=30 s τc=10 s τc=20 s

Total specific energy consumption, MJ/kg 9.07 9.68 8.96 11.72 14.33

Average drying rate for the entire period, s-1 0.00036 0.000274 0.000224 0.00038 0.00032

Average rate of MW drying, s-1 0.00024 0.000201 0.000157 0.000257 0.00021

Average rate for the blow periods, s-1 0.00048 0.000278 0.000233 0.000533 0.00043
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empirical dependences, which describe changes in dimen-
sionless temperatures and moisture content of material, as 
well as formulas for calculation of the drying rate.

Analysis of the experimental data led to the following 
conclusions:

– At a rational choice of the magnetron power, the dura-
tion of its activation and pauses under the pulsating mode, 
we achieve a lower drying rate N=4.4·10-4 s-1 in comparison 
with continuous MW drying N=10.3·10-4 s-1, but at the 
acceptable material temperature. In this case, energy con-
sumption is comparable. The specific energy consumption 
per 1 kg of evaporated moisture at the microwave drying is 
6.98 MJ/kg, at the pulsating one ‒ 8.13 MJ/kg;

– The average drying rate, the temperature of material 
and the total costs for the whole process increase at cyclic 
microwave-convective drying, when the microwave supply 
alternates with convective one, with an increase in N and 
τMW at τc=idem. An increase in the duration of the convec-
tive supply period at N=idem, τMW=idem leads to opposite 
results. It is not expedient to increase duration of τc in ex-
cess of 10–20 s and a series of cycles in excess of 3‒4, since 
a significant amount of energy is consumed during periods 
of switching on the magnetron to heat material cooled 
during periods of drying of a drying agent through a layer. 
The most favorable indicators shows the mode N=600 W,  
the total operating time of the magnetron ‒ τΣMW=70 s, 
the total time of convective drying ‒ τΣc=60 s, the number 
of cycles n=6.5. Under this mode, the average drying rate 
for the entire process is 4.4 10–4 s–1, the material tempera-
ture is 80.5 °C, and the specific energy consumption is  
9.07 MJ/kg moisture;

– At simultaneous microwave-convective supply, a blow 
of unheated or heated air through a layer carried out during 
microwave heating provides intensification of intercompo-
nent heat and mass transfer, active evaporation of moisture 
diffusing from the volume of particles to their surface, 
increases the rate of drying, prevents overheating of mate-
rial, reduces total and specific energy costs. The optimum 
mode among the studied modes is the mode with the fol-
lowing characteristics: N=600 W, tair=19 °С, wair=0.7 m/s, 
N1=12.71·10-4 s-1, qsp=5.69 MJ/kg moisture;

– Comparison of the main characteristics (drying speed, 
material temperatures, specific energy consumption, and ef-
ficiency of supplied energy use) of the drying processes with 
different ways of energy supply evidences that:

a) cyclic MW-convective supply with a rational choice of 
duration of periods, number of cycles, magnetron power, rate 
and air temperature ensure approximately the same drying 
rate and specific energy consumption as pulsing MW one, 
however, the plant is more complicated due to the transport 
system and air heating at the combined supply;

b) the simultaneous MW-convective method of supply is 
the optimal method. It provides three times higher drying 
rate and the specific energy consumption by 40 % lower than 
with a pulsating MW supply;

– We can describe a change in dimensionless aver-
age-integral moisture contents in drying processes for all 
the studied methods and modes of energy supply by a single 

generalized equation 
0 0

.
u N

f
u u

 τ
=   

 This indicates that the  
 
patterns of drying kinetics are the same, and the complex 

0

.
N
u

τ
 takes into consideration the effect of the method and  

 
mode of energy supply and material properties.

A blow through a layer of a drying agent simultaneously 
with bulk MW heating intensifies inter-component heat and 
mass transfer, accelerates evaporation of moisture moving as 
a result of thermal diffusion from the bulk of grains to their 
surface. As a result, the drying rate increases significantly 
(almost three times), the duration of the process and the 
specific energy consumption decrease (by about 40 %). In 
this case, the complexity of the plant due to the system of 
transport and air heating is fully justified.

It was the first time when comparison of a series of dif-
ferent ways of energy supply, carried out according to the 
results of complex experimental studies, was performed. We 
carried out the studies using one unified experimental setup 
and grain material with a fixed initial moisture content, 
which determines the reliability of this comparative analysis. 
Conducted comprehensive experimental studies solve the 
problem of selection of the optimal method of drying using 
microwave heating and assessment of rational mode param-
eters such as: specific energy consumption, temperature 
of a drying agent and duration of drying. This opens up a 
possibility of transition to an energy-efficient and intensive 
technology of drying of grain materials.

The research results apply to grain materials with an ini-
tial moisture content of 20 %. It is not possible to apply them 
to materials of another type with high moisture content. The 
disadvantage of the study is that the source of microwave 
energy was a magnetron with a generation frequency of  
2,450 MHz, which imposes restrictions on the choice of 
frequency of microwave oscillations. In addition, the recom-
mendations received apply to fixed-layer apparatuses; dryers 
with a moving layer require separate studies.

We recommend to investigate sustainability of magne-
trons operation during long-term operation of industrial 
devices and increasing of efficiency of a microwave drying 
chamber in future. It is also necessary to determine an in-
fluence of changes in moisture content during the drying 
process on energy consumption, which will make it possible 
to regulate and optimize power of heat sources.

7. Conclusions

1. We determined that the kinetics of drying grain ma-
terials under microwave heating is characteristic for the 
kinetics of drying colloidal capillary-porous bodies at other 
methods of heat supply. There are periods of heating, con-
stant and falling drying rates. It is possible to summarize 
moisture content and temperature curves for barley, oats, 
buckwheat and wheat by single equations with an acceptable 
error: the error is ±9.8 % for dimensionless moisture content 

0/ ,u u  and it is ±11.9 % for dimensionless temperature 1/ .t t
2. Pulsating microwave heating gives possibility to con-

duct the drying process sparingly for grain. The drying rate 
N=4.4·10-4 s-1 is lower under the pulsating mode, in compari-
son with continuous MW drying N=10.3·10-4 s-1, but with an 
acceptable temperature of material. In this case, energy con-
sumption differs slightly. The specific energy consumption 
per 1 kg of evaporated moisture at the microwave drying is 
6.98 MJ/kg, at the pulsating one – 8.13 MJ/kg.

An increase in duration of the period of convective 
supply leads to a decrease in temperature of material at the 
cyclic microwave-convective drying. It is not expedient to 
increase duration of the period of convective supply in excess 
of 10–20 s. The average drying rate for the entire process is 
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4.3 10-4 s-1 under the optimal mode, the material temperature 
is 80.5 °C, the specific energy consumption is 9.07 MJ/kg.

3. Comparison of the main characteristics of the drying 
process at different methods of energy supply showed that 
the simultaneous MW-convective method of supply is op-
timal. It provides the drying rate about three times higher 
and the specific energy consumption 40 % lower than at a 

pulsating MW supply. The mode with the following char-
acteristics is preferable: the output power of the magnetron 
is Р=600 W, the temperature of the air flow is tair=19 oС, 
the rate is wair=0.7 m/s. The drying rate is N=12.71 10-4 s-1 
under the mentioned conditions, the specific energy con-
sumption (per 1 kg of evaporated moisture) is qsp=5.69 MJ/kg  
moisture.
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